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SULFURIC ACID TREATMENT OF COTTON SEED 
R. G. ARCHIBALD 1 

Wellcome Tropical Research Laboratories , Khartum 
Received for publication January 22, 1926 

In recent years, the sulfuric acid treatment of cotton seed has been advocated 
as a preventive measure for certain diseases attacking cotton, notably the 
bacterial disease known as Angular Leaf Spot, Black Arm, or Boll Rot, and the 
fungal disease known as Anthracnose. 

The results obtained by the American workers Rolfs, Faulwetter, Ludwig 
and others justified an experimental trial being carried out on a small scale 
in the Sudan, more especially in relation to the control of Black Arm disease 
of cotton. 

An initial series of experiments was carried out to note the effect of acid 
treatment on the germination of the seed. The seed used was Egyptian Sakel 
from the previous cotton crop, and had been ginned six months previously. 
The seed was soaked, for varying periods, in an enamel tin with different dilu¬ 
tions of sulfuric acid, then washed in water, dried, and sown two to three 
inches deep in moist soil contained in pots—20 seeds to each pot. 

It is unnecessary to give the details of these experiments; suffice it to say 
that 500 gm. of cotton seed could be treated with 100 cc. concentrated sulfuric 
acid for 1 hour, washed in 2 liters of water for 10 minutes, either sown at once, 
or dried and then sown, with a result of 95 per cent germination. Seed in such 
a bulk was intimately brought in contact with the acid by mixing with a 
wooden spoon, and completely delinted in a short time. The final result 
showed slight charring of the seed coat to a black color, and in some instances, 
the seed was completely decapsulated without any apparent adverse effect on 
germination. 

This experiment was modified by washing in water for longer periods, and 
it was found that 1 hour was the maximum period for washing without affect¬ 
ing germination. Longer periods of washing tended to swell the seed coat, and 
gave a lower percentage of germination. 

Seed treated with concentrated sulfuric acid in the above proportions, 
washed for 10 minutes, dried, and stored for 6 months, showed, after sowing, 
92 per cent of germination, whereas, seed similarly treated and washed for one 
hour in 2 liters of water, dried, and stored for six months gave 87 per cent 
germination. 
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The acid treatment of seed whether concentrated or in dilutions of 1/20, 
1/100, 1/200, 1/500 for periods longer than 1 hour affected adversely the 
germination of the seed. In periods of treatment less than, and up to, 1 hour, 
seedlings usually appeared above the soil in five days. 

Comparative held observations were carried out, on a large scale, with seed 
treated in the proportion of 500 gm. of seed to 100 cc. concentrated sulfuric 
acid for fifteen minutes to half an hour, washed, dried, and sown two months 
later, and with seed untreated and sown under the same conditions. The 
treated seed showed better germination than the untreated, and resulted in a 
healthier plant w r ith better vegetative growth. Data regarding the final yield 
of cotton are being collected. 

SULFURIC ACID TREATMENT AS A PREVENTIVE MEASURE FOR BLACK ARM 

It may be stated at the outset that sulfuric acid treatment of Black Arm 
infected cotton seed has not given the results claimed by American workers. 
Preliminary pot experiments w r ere carried out; cotton seed from an infected 
source being treated with sulfuric acid and sown under conditions which ex¬ 
cluded the possibility of infection from soil, water, or insects. Seed treated 
with concentrated sulfuric acid for 1 hour and 5 minutes yielded, in one experi¬ 
ment among others, 5 per cent of seedlings with typical angular leaf spot 
infection of the cotyledons. 

Investigations by the writer have shown that the causal organism of Black 
Arm can be recovered and grown from the tissues internal to the seed coat; 
short of destroying the germination of the seed, it is difficult to conceive of acid 
treatment affecting the vitality of bacilli within the resin canals and tissues of 
the embryo. Organisms lying immediately below the seed coat could certainly 
be adversely affected by acid treatment. It would appear then, that at the 
most, a partial sterilization of the seed can result from sulfuric acid treatment. 

Field observations by the writer show that there can be no doubt, however, 
that acid treatment exerts a beneficial effect, by delaying the manifestations 
of Black Arm disease and so by permitting the plant to obtain a good stand 
before infection is apparent. More information, however, is required regarding 
the predisposing factors concerned with the spread of the disease. Environ¬ 
ment, climate, soil, and farming methods appear to play a major or minor part, 
and are being investigated. 


SUMMARY 

1. Experiments were carried out to test the effect of sulfuric acid treatment 
on the germination of cotton seed. 

2. Seed treated in the proportion of 500 gm. to 100 cc. concentrated sulfuric 
acid, washed for 10 minutes in 2 liters of water, dried, and then sown yielded 
95 per cent germination. 

Seed treated in such a manner and stored for 6 months gave 92 per cent 
germination. 
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3. Seed treated with concentrated sulfuric acid for longer periods than one 
hour, or washed for longer periods than one hour after treatment was adversely 
affected as regards germination. 

4. Field observations on treated and untreated seed showed better germina¬ 
tion and plant growth in favour of the former. 

5. Sulfuric acid treatment will not completely sterilize Black Arm infected 
seed but appears beneficial because it delays the manifestations of the disease 
in the cotton plant. 




BLACK ARM DISEASE OF COTTON WITH SPECIAL REFERENCE 
TO THE EXISTENCE OF THE CAUSAL ORGANISM 
B. MALVACEARUM WITHIN THE SEED 

R. G. ARCHIBALD 1 

Wellcome Tropical Research Laboratories , Khartum 

Received for publication January 22, 1926 

In certain countries, where cotton is grown on a large scale, considerable 
losses in yield result from the ravages of a disease known as Angular Leaf 
Spot of Cotton, Black Arm, and Boll Rot, names which merely indicate 
different manifestations of the same disease and which may all occur at the 
same time in the same plant. 

The causal organism B. malvacearum was first isolated by Smith (6), who 
proved its pathogenicity by infection experiments, and since then its causal 
relationship to the disease has been fully established by other workers. 

As to the method of infection of the plant, conflicting views have been held 
by different observers. Hibbard (4) in 1910, and Jenkins (5) somewhat later, 
mention that infection may be carried in the seed, and Faulwetter (2) con¬ 
siders that seed may be a probable factor in primary infection of the plant but 
considers that wind-blown rain plays a more important part in disseminating 
the disease throughout a cotton crop. In America, the results of seed treat¬ 
ment by means of chemicals supported the view that the seed coat harbored 
the causal organism, but the records (1, 3) show that treatment, even with 
concentrated sulfuric acid, failed to sterilize completely infected seed. 

As far as the w T riter is aware, no serious attempts have been made by investi¬ 
gators to prove whether infection was on the seed coat and its appendages, 
lint and fuzz, or whether the infection was within the seed, indeed, from the 
literature available, it appears to have been generally accepted that the 
infection was on the seed coat with its attached lint and fuzz. 

As the question was of importance, especially from the point of view of seed 
treatment on a large scale, the writer, twelve months ago, carried out some 
investigations. Some preliminary experiments with cultures of B . malvacearum 
showed that the organism was endowed with feeble resisting qualities against 
sunlight, heat, and desiccation and all attempts to demonstrate the existence 
of spores in cultures proved negative. 

With such facts, which confirmed the work of other observers, it was difficult 
to support the hypothesis that infection was maintained on the outer coat of 
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the seed, and indeed, a large number of cultural experiments subsequently 
carried out with the lint, fuzz, and the outer coat of the seed, failed to show the 
presence of B . malvacearum . 

A further experiment served to advance the hypothesis that infection 
was internal to the seed coat; seeds from infected plants were placed in a hot¬ 
air oven, and heated to a temperature of 70°C. for 1 hour, a temperature well 
beyond the thermal death point of the bacillus. The seeds were removed and 
placed in sterilized soil (which had previously been sterilized by heat at a 
temperature of 180°C.) in sterile pots, the soil watered daily with sterile dis¬ 
tilled water, and the pots placed under conditions free from insect attack. 
Germination occurred and the young cotyledons soon showed a heavy infec¬ 
tion with angular leaf spot, the bacillus being readily recovered from the 
lesions. 

Attempts were then made to recover the bacillus from the tissues within 
the seed coat. 

Several techniques were employed and abandoned, the difficulty being in 
sterilizing completely the outer coat of the seed without affecting the interior. 
The use of alcohol, however, surmounted this difficulty. 

Ginned cotton seeds, i.e. seeds which had been collected from cotton plants 
attacked with black arm twelve months previously, were placed in absolute 
alcohol for 3 minutes, removed with a pair of sterile forceps, and ignited in a 
flame in order to sterilize the outer coat of the seed. When the alcohol was 
completely burnt off, the seeds were then dropped into tubes of sterile dis¬ 
tilled water and incubated at a temperature of 31 to 33°C. for 48 hours; by 
this time the seed coat had considerably softened, and in many instances had 
split. A sterile glass rod was then inserted into the tubes containing the 
seeds and distilled water, and the seeds were thoroughly crushed up. The 
tubes were then incubated for 24 to 36 hours at 31°C. and subcultures pre¬ 
pared on agar slopes. 

In some instances, a pure culture of B . malvacearum was obtained in 20 
per cent of seed taken from infected plants, the presence of B . malvacearum 
obtained from seed by this method was always verified by a study of the 
cultural and other characters of the organism, by its biochemical reactions, 
and finally by inoculation experiments on cotton seedlings in order to test its 
pathogenicity. 

Having proved that infection was within the seed coat, attempts were made 
to section the seed to demonstrate the site of the organism contained therein. 

Preliminary treatment of the seed with nitric acid was necessary to soften 
the coat, followed by fixation in graded alcohols, by clearing, and by embedding 
in paraffin. Sections were made and stained by Gram’s method, thionin 
blue, and haematoxylin. Examination showed the organisms occupying the 
resin canals (plate 1, fig. 1) and the cotyledonous tissue (plate 1, fig. 2). 

The same technique was employed in recovering the causal bacillus from 
the plant tissues below the site of lesions. Cotyledon leaves showing typical 
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angular leaf spot were removed and their supporting stems examined with a 
lens for evidence of gross lesions. Stems, free from lesions, were soaked in 
absolute alcohol, ignited, and then crushed in sterile distilled water, and agar 
cultures prepared. By this somewhat rigorous technique, it was possible to 
obtain B. malvacearum in the tissues and sap of apparently healthy areas 
below infected lesions; this was applied with similar results to tissues of the 
main stems supporting infected bolls. 

It would appear then from these laboratory experiments, that infected seed 
was capable of producing infected plants and that the bacillus could be isolated 
from apparently uninfected tissues below black arm lesions, indicating possible 
latency on the part of the organism—a point which appears to be supported 
also by field observations. 

The other likely sources of infection to the plant may be considered under 
the following headings: (a) soil, ( b ) water, (c) insects, and (d) ginning factories. 
As regards soil, the writer has carried out a large number of examinations of 
samples, taken at various depths, of cultivated and fallow soil, and has, so far, 
failed to recover B. malvacearum; the same remarks hold good for water 
samples taken from irrigation canals, and collections of standing water in 
cotton areas attacked with black arm. The feeble powers of resistance of the 
organism to such adverse conditions as sunlight, desiccation, and high tem¬ 
perature, as hold in the Sudan, make it difficult to accept any hypothesis 
indicating the soil as a reservoir of the virus. As regards the disease being 
insect borne, no epidemiological evidence exists in the Sudan to support such 
a view. In the early stages of the cotton plant, the flea beetle is the pre¬ 
dominant pest, its ravages are obvious, yet plants free from attack show evi¬ 
dence of disease, and plants attacked show no signs. The same remarks 
apply equally to such cotton pests as thrips, aphis, stemborer, and white ants. 
Moreover, laboratory examinations of these insects have so far failed to 
incriminate any of them as vectors of the causal organism of black arm. The 
possibility of infection being maintained in ginning factories has been con¬ 
sidered, a hypothesis which may be dismissed in view of the delicate nature of 
the organism concerned. 

Faulwetter’s theory that the disease is disseminated by the combined action 
of wind and rain is not supported by the extensive and careful field observa¬ 
tions carried out by Bedford. 2 

No other plant hosts have been found either manifesting the disease, or 
harboring the bacillus; indeed, the writer has failed so far to reproduce lesions 
by culture inoculation into plants other than cotton. It would appear, there¬ 
fore, that B . malvacearum is specific for the cotton plant. 

The factors predisposing to the manifestation of the disease—soil, climate, 
and imperfect agricultural methods—are at present being investigated. 
The problem is beset with difficulties in view of what has been stated regarding 
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the possible latency of manifestations of infection. In this connection, in¬ 
vestigations are now proceeding to ascertain whether healthy plants harbor 
the virus without showing evidence of infection. Field .observations have 
shown that certain varieties of American rain grown cotton are more resistant 
to attack than others, a resistance shared also by rogue cotton and some ratoon 
cotton. It may be that such resistance is dependent on the pH reaction of the 
sap, a hypothesis worthy of investigation. 

Seed treatment, by means of sulfuric acid, has been advocated as a remedial 
measure for the disease but, in the writer’s experience, has not proved the 
success claimed by American workers. In view of the writer’s investigations 
regarding infection within the seed coat, it is difficult to conceive any form of 
seed treatment, short of destroying the germination power of the seed, effectu¬ 
ally sterilizing infected seed. Sulfuric acid treatment appears beneficial to the 
germinating properties of the seed, and assists by producing a healthier plant 
in its early stages, but experience has shown that such a plant, in its later 
stages of growth, often shows manifestations of the disease. The writer is of 
the opinion that more information regarding the predisposing factors of the 
disease is required, and when this knowledge is acquired, it will be possible to 
grow and maintain a healthy type of plant capable of resisting, or throwing off, 
infection when once attacked. 


SUMMARY 

1. Investigations have shown 'that, in Black Arm disease of cotton, the 
causal organism can be recovered from the tissues within the seed coat. 

2. A technique is described for recovering the bacillus from the seed tissues. 

3. The feeble resisting powers of the organism toward such adverse condi¬ 
tions as strong sunlight, desiccation, and high temperature render it unlikely 
that the outer coat of the seed, with its lint and fuzz, harbors infection. 

4. The bacillus can be recovered from apparently healthy tissues below black 
arm lesions. 

5. The seed appears to be the main source of infection. 

6. The causal organism has not been found in soil or water, and the epi¬ 
demiology of the disease does not favor the hypothesis that the disease is 
insect borne. 

7. No hosts other than the cotton plant have been found. 

8. Seed sterilization by means of concentrated sulfuric acid has yielded 
disappointing results. A more effectual way of attacking the problem is to 
ascertain the factors that predispose to manifestations of infection, and to 
raise a healthy type of plant capable of resisting as well as of throwing off 
infection when attacked. 
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PLATE 1 

Fig. 1. Transverse section of Black Arm infected cotton seed showing bacilli in a resin 
canal. X 960. 

Fig. 2. Section of Black Arm infected cotton seed with bacilli in the cotyledon tissues. 
X 800. 



PLATE 1 
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INTRODUCTION 

A clear extract, essential in the analysis of the water-soluble constituents of 
the soil, is especially important where colorimetric methods are to be used. 
Difficulties in obtaining soil extracts unaltered in composition and free of all 
colloidal material, emphasize the desirability of a simple method that could be 
used in obtaining clear extracts for the determination of the water-soluble 
constituents of soils. 

The methods used in obtaining soil extracts are: centrifuging or ordinary 
filtering with or without the use of flocculating agents, filtration by suction, 
filtering through Pasteur-Chamberland filters, and dialysis through collodion 
sacks. 

It is generally recognized that ordinary filtering and centrifuging of soil 
suspensions do not give clear extracts with many soils. In order to overcome 
this difficulty various agents have been used to flocculate the colloidal particles 
that usually pass through the filter paper or remain in suspension. Although 
flocculents have proved very successful, they cannot be used in obtaining soil 
extracts for the colorimetric determination of H-ion concentration, nor for a 
determination of the basic constituents of the soil. In the latter case there is 
always the possibility of solubility effects as a result of base exchange. 

The suction filtering method is based on the principle of untrafiltration 
through a thin layer of soil deposited on the filter paper, and, as recently used 
by one of the authors (21), gives a clear extract very readily. This method, 
although simple, requires a little care in manipulation, and is rather time 
consuming where a large number of extracts is to be obtained. 

The Pasteur-Chamberland filter method gives large amounts of clear extract, 
but requires rather expensive equipment. Moreover, it cannot be used in 
H-ion work nor, as was recently shown by Parker (19), where phosphorus is to 
be determined in the extract. In order to study further the influence of the 
Pasteur-Chamberland filter on the composition of the extract the following 

1 Published with the permission of the Director of the Alabama Agricultural Experi¬ 
ment Station. 
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experiment, the results of which are given in table 1, was conducted. Extracts 
were prepared by dialysis from two soils which gave extracts of widely different 
composition with respect to several ions. The extracts were passed through 
thoroughly washed filters and the change in composition was determined. 
The filters were then washed with 300 cc. of distilled water, and a portion of 
the original extract from the other soil was passed through the filters. For 
example, a non-acid extract rather high in phosphorus was filtered through 
filters 5 and 6. Then these two filters were washed and used with an acid soil 
extract, low in phosphorus. In this manner the influence of filters used with 
one extract upon another extract subsequently filtered was determined. 


TABLE 1 

7 he composition of the soil extracts as influenced by Pastcur-Chamberland filter* 


SOIL 

NUUBF.il 

SOIL 

TREATMENT OF DIALYZED 
EXTRACT 

SPECIFIC 

RESISTANCE 

H-ION 

CONCEN¬ 

TRATION, 

PHOS¬ 

PHORUS 

CALCIUM 

POTAS¬ 

SIUM 

NITRATE 

NITRO¬ 

GEN 




ohms 

pa 

PP m 

p.p.m. 

ppm. 

P P m. 




None 

10,475 

6 60 

1 55 

11.6 

3 4 

3.7 




Passed through filters 

11,420 

6.65 

1 25 

11 1 

5 4 

3.7 

27 

Silt j 


5 and 6* 





i 



loam 


Passed through filters 

11,700 

6 62 

1 25 

9 7 

5 5 

3 7 




7 and 8t 










None 

14,810 

4 70 

0 05 

4 7 

6 6 

3 1 




Passed through filters 

14,615 

5 73 

0.04 

5 6 

6 4 

3.1 

28 

Silt 


7 and 8* 








loam 


Passed through filters 

14,810 

5 80 

0 12 

5 5 

7.5 

3.1 




5 and 6f 








* Filters were washed with 800 cc. distilled water before filtering the extract, 
f Filters were those used under * for the other soil but were first washed by passing 300 
cc. of distilled water through them. 


It will be seen from table 1 that the filters had a marked effect on the phos¬ 
phorus and H-ion concentration of the extracts. Thus, the H-ion concen¬ 
tration of soil 28 was changed from pH 4.7 to pH 5.7 by filtering. The phos¬ 
phorus content of the extract was little affected with one filter whereas with the 
filter that had previously been used with a soil high in phosphorus, the phos¬ 
phorus content of the extract was more than doubled as a result of passing 
through the filter. In soil 27, the filters absorbed about 32 per cent of the 
phosphorus in the extract, whereas the H-ion concentration was not affected. 
The calcium and potassium contents of the extract w r ere affected to a less 
extent, although the data indicate that the filters may either retain or give up 
appreciable amounts of calcium and potassium. The nitrate content, as would 
be expected, is not affected by filtering. 

The collodion sack method of obtaining extracts has been used in biological 
studies for a long time, but it has not been used extensively in soil investiga- 
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tions. Knight (11), Mirasol (16), Denison (5), and Magistad (15) used col¬ 
lodion sacks in a study of the nature of the aluminum compounds in the soil 
extract. As far as the authors know, Parker and Tidmore (20), working in this 
laboratory, were the first to use the method for obtaining soil extracts. They 
made extensive use of it in their studies on the phosphorus content of the soil 
solution and soil extracts. Their method, in brief, consisted in placing the 
collodion sack containing the soil suspension in a covered beaker containing a 
definite amount of water for eighteen to twenty hours to allow equilibrium to 
become established between the inside and outside solutions. The contents of 
the sack and beaker were shaken occasionally. 

Because of the apparent possibilities of this method in overcoming some of 
the objections of the common methods of obtaining soil extracts, this study was 
undertaken. This paper presents the results of a study made with regard to: 

(a) The method of preparing sacks and extracts, (b) the time necessary for the establish¬ 
ment of equilibrium between the solution inside and outside of the sacks, and ( c ) the use of 
the method in determinations of the H-ion concentration, nitrate nitrogen, phosphorus, and 
calcium content of soil extracts. 


METHODS 

The collodion sack method of obtaining a soil extract is based on the principle 
of dialysis or diffusion of soluble material through a collodion membrane. 
The soil suspension is placed in a collodion sack, which is then placed in water, 
and equilibrium is allowed to become established between the inside and 
outside solutions. After equilibrium is established, the inside and outside 
solutions are apparently of the same concentration with respect to all ions 
determined in soil extracts. Apparently there is no Donnan equilibrium 
established to cause a difference in concentration of any ion in the inside and 
outside solutions. This may be explained by assuming that there are no 
non-diffusible ions in the soil suspension. Subsequent data will show that the 
concentration of all ions studied was the same in the inside and outside solu¬ 
tions after equilibrium was established. 

Preparation of sacks 

In the preparation of the collodion sacks Loeb’s (14, p. 109) procedure was 
used with some minor modifications. The sacks were made in flasks, the size 
depending on the size of sack desired or the amount of suspension to be di¬ 
alyzed. Thus, where only about 50 cc. of soil extract was desired, as for the 
determination of nitrates and of H-ion concentration by colorimetric methods, 
150-cc. extraction flasks were found very satisfactory. These flasks give sacks 
with wide necks through which the soil can be readily poured. When more 
extract was needed, sacks made in 500-cc. Erlenmeyer flasks were used. The 
procedure for making the sacks is as follows: 


Merck's Blue Label collodion is poured into a thoroughly cleaned flask, which lias been 
rinsed with 95 per cent alcohol to remove all water. It is essential that the collodion solu- 
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tion be kept free of water, for sacks made from a solution containing even small amounts of 
water are opaque and weak. While routing the flask slowly by hand the collodion is poured 
back into the bottle during a period of 2 minutes The flask now has a thin, uniform layer 
of collodion on the inside, which is allowed to dry by placing the flask in an inverted posi¬ 
tion in a ring stand for 8 to 10 minutes. It is then placed under a faucet and washed by 
allowing water to run into it 3 to 5 minutes. The water is then poured out, the edges of 
the neck of the collodion membrane are loosened a little from the neck of the flask, and 
water from the tap is allowed to run between the sack and flask. This procedure frees the 
sack from the walls of the flask, and the sack can then be readily removed and placed into 
a jar of water until used. By adding a little toluene to the water, mold growth is pre¬ 
vented and the sacks may be kept practically indefinitely. 

Where a number of sacks are to be made, the authors work with six flasks. While the 
membrane is being formed in one flask, three flasks are drying and two are being washed. 
Using this system one person can make 15 to 20 sacks an hour. 

The viscosity of the unused collodion gradually increases because of the evaporation of 
the solvent. As a result the sacks made from this solution become too thick. When this 
condition is noticed, ether must be added to the solution. The amount of ether needed can 
be readily estimated after a little experience. By the addition of ether as it becomes neces¬ 
sary, 75 to 90 sacks (made in a 150-cc. extraction flask) can be made from one pound of 
collodion. 

Methods of controlling the permeability of the collodion membranes have 
been the subject of several investigations. It was first pointed out by Bigelow 
and Gemerling (1) that the longer collodion membranes are allowed to dry, 
the less permeable they become. Brown (2) found that if dry sacks are placed 
in different strength solutions of alcohol, those in the more concentrated 
alcohol solutions become more permeable and fragile than sacks placed in 
weaker solutions of alcohol. Schoep (22) found that sacks are more per¬ 
meable if a little oil or glycerine is added to the collodion from which the 
sacks are made. Among others who worked on the permeability of collodion 
membranes are: Nelson and Morgan (17), Browne, R. J. (3), Eggerth (6), 
and Farmer (8). 

Most of these workers, however, were working with membranes to be used 
for ultrafiltration. For dialysis w r ork, as used ordinarily, it seems that the 
simple procedure used by Loeb in all his work and outlined above gives sacks 
of good permeability along with a fair degree of strength. In some preliminary 
work the writers found that the permeability of the sacks was practically the 
same whether they were dried two or thirty minutes before washing. 

Procedure used for obtaining the soil extracts or dialysate 

In the preparation of the soil extracts the sacks were removed from the jar, rinsed in 
distilled water and placed in the same kind and size of flasks as those in which they were 
made. The soil was then poured into the sacks by means of a short, wide-stem “powder- 
funnel” and the required amount of water added partly to the inside and partly to the out¬ 
side of the sack. Where the extracts were desired for the determination of nitrates and of 
H-ion concentration only, 1:2 extracts were used, one-half of the water being added to the 
inside of the sacks. For the determination of all other ions where large amounts of ex¬ 
tract were desired, 1:5 soil-water extracts were obtained. In that case only one-fourth of 
the water was added to the inside, the remaining water being added to the outside of the 
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sack. Thus large amounts of extracts were obtained. The necks of the sacks were then 
folded against the necks of the flasks, clean rubber stoppers inserted, and the flasks shaken. 
The shaking was done by hand and was repeated every hour during the day. After a 
period of eighteen hours the dialysates were removed from the sacks and used for the vari¬ 
ous analyses. 

The use of flasks closed with rubber stoppers instead of beakers is not only 
highly desirable if the IT-ion determination of the dialysates is to be deter¬ 
mined, but it facilitates shaking and also makes possible the using of a 
mechanical shaker for the continuous shaking of the system. As subsequent 
data will show, the shaking of the flasks by means of a drawer type mechanical 
shaker causes the establishment of an equilibrium between soil and water in a 
shorter period of time. If hand shaking is to be used, however, covered beakers 
can be used as well as flasks. With the use of beakers it was found convenient 
to place water on the inside and the soil suspension on the outside of the sacks. 

The sacks are easily cleaned and can be kept in a jar of water until again 
used. It was found that a sack may be used six to ten times, provided it is not 
allowed to dry. 


Time required for the establishment of equilibrium 

The time required for the suspension and dialysate to come to equilibrium 
depends largely on two factors; namely, the kind of ion being considered, and 
the kind and amount of shaking to which the system is subjected. Different 
ions have different diffusion velocities and they also come to equilibrium with 
the soil at different rates, because of variations in solubility. For the purpose 
of this study the ions are considered in two groups; first, readily soluble ions 
such as hydrogen, chloride, and nitrate; second, ions with which there may be 
considerable solubility effects, such as phosphate, calcium, and potassium. 
Shaking materially influences the time required for the establishment of an 
equilibrium and is one of the most important factors to consider in a study of 
the method. As a result of preliminary work it was apparent that somewhat 
d'fferent procedures should be used in the equilibrium studies for the two 
classes of ions; therefore, the two classes of ions will be considered separately. 

Easily soluble constituents . As a preliminary study, three methods of shak¬ 
ing—hand shaking and two types of mechanical shaking—were compared with 
regard to their effect on the rate of establishment of equilibrium. In the hand 
method of shaking, the flasks were shaken for 1 minute at 15 minute intervals. 
Shaking by means of the Camp rotary shaker and the drawer shaker was con¬ 
tinuous. With both the mechanical shakers the gearing was reduced to give 
one complete cycle per second. The nitrate content of the dialysates was 
determined by the phenoldisulfonic acid method, and the H-ion concentration 
by the colorimetric method. 

It will be seen from table 2 that drawer shaking causes a more rapid diffusion 
of ions into the dialysate than does either of the other two methods. Thus 
the average nitrate content in the dialysates after one hour is 25.3 p.p.m. with 
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hand shaking and 31.5 p.p.m. with drawer shaking. Similarly, in a comparison 
of the H-ion concentration and of the specific resistance of the dialysates, the 
drawer type shaking causes the most rapid diffusion of ions, whereas the 
rotary shaking usually gives values intermediate be twee?’ the two other 
methods. The data in this table, however, as will be shown later, do not 
always represent the final equilibrium of hydrogen and nitrate ions. 

As a result of this preliminary study it seemed desirable to determine the 
time necessary for the establishment of equilibrium with the hand shaking 
and with the drawer shaking methods. Since rotary shaking was inferior to 
drawer shaking it was not used in subsequent experiments. The equilibrium 
of nitrate ions and of hydrogen ions between the dialysate and the suspension 


TABLE 2 

H-ion concentration , specific resistance and concentration of nitrate nitrogen in dialysate after 
shaking the flasks for one hour by different methods * 


SOIL 

NUMBER 

SOIL 

H-ION CONCENTRATION 

NITRATE NITROGEN 

SPECIFIC RESISTANCE 

Method of .shaking 

Method of shaking 

Method of .shaking 

T3 

C 

A 

| 

Pi 

Drawer 

XI 

c 

cd 

« 

1 

& 

5e 

2 

Q 

1 -o 

a 

A 

£ 

O 

Pi 

u 

V 

* 

cd 

£ 



pH 

pH 

PTI 

p p.m 

p p.m 

p.p.m. 

ohms 

ohms 

ohms 

1 

Norfolk sandy loam 

5 23 

4 85 

4 90 

67 9 

72 2 

72.5 

6,480 

6,920 

6,050 

2 

Sumter clay 

7.23 

7 58 

7.63 

3.8 

4 1 

4 6 

18,010 

14,430 

14,235 

3 

Gray silt loam 

4 58 

4 58 

4 58 

7 1 

6 9 

8.4 

25,950 

26,315 

21,680 

4 

Greenville sandy 

5 03 

5 05 

5 03 

26 6 

36 1 

41 8 

17,065 

15,275 

12,295 


loam 










5 

Dekalb fine sandy 

6 08 

6 20 

6 18 

16 0 

15 9 

22 6 

20,550 

18,410 

14,215 


loam 










6 

Brown silt loam 

5.88 

5 88 

5 85 

30 2 

34 3 

39.2 

14,130 

10,675 

9,840 

Average of all soils . . 

25 3 

28 3 

31.5 

17,031 

15,375 

13,053 


* Nitrate nitrogen calculated on basis of dry soil. 


inside of the collodion sack was determined after 2 and 12 hours of drawer 
shaking and after 4, 18, and 24 hours of hand shaking of the system. As in 
the previous experiment, the drawer shaking was continuous, whereas the 
hand shaking was at intervals of 15 minutes for the first hour and of 1 hour 
thereafter, except during the night (between the fourth and eighteenth hours). 
The soil-water ratio used was 1:2, one-half the water being added to the inside 
of the sack. After the various periods of time, the dialysate was removed for 
analysis. The soil suspension from inside the sack w r as filtered by means of a 
modified suction apparatus, consisting of a Shaw (24) filter flask and a Hirsch 
funnel, as devised by Truog (26). Nitrate and hydrogen ions were deter¬ 
mined in the filtered extract and in the dialysate* The data as given in table 
3 represent the average of duplicate determinations. 
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TABLE 3 


Nitrate nitrogen content and H-ion concentration of soil extracts after hand and drawer shaking 
of flasks for different periods of lime * 






NITRATE NITROGEN I 

H-ION CONCENT- 






! 

THAT ION 

SOIL 

SOIL 

MI-.T1IOI) or 

TIME OF 


In lillcrtd 


In filtered 

NUMBER 

SHAKING 

SH \KING 

In dialysate 

e\tract 
from 
inside of 

In tlialy- J 
saU* 

cvtract 
from 
inside of 






sack 


sack 




hour\ 

P p m. 

p.p m 

pll 

pll 



( 

Hand | 

4 

67 3 

74 6 

5 00 

4.90 



18 

70 8 

71 1 

4 95 

5.00 

1 

Norfolk sandy 

1! 

24 

69 4 

70 5 

4 95 

4 85 


loam 

Drawer | 

2 

65 7 

69.1 

5 00 

5 00 



12 

72 9 

72 4 

4 90 

4 90 


f 

f 

4 

5 6 

5 9 

7.65 

7.60 


1 

Hand < 

IS 

5.8 

5 3 

7.65 

7 65 


Sumter clay < 


24 

5 3 

5.2 

7 65 

7 70 

2 





T, f 

2 

5 1 

5 6 

7.60 

7 65 



Drawer ^ 

L 

12 

6 1 

5 9 

7 70 

7.70 



f 

4 

7.2 

8 3 

j 4 60 

4.60 



Hand { 

18 

8 5 

8.5 

4 60 

4 60 


Gray silt loam < 


24 

7 8 

8 6 

4 60 

4 60 

3 





n ( 
Drawer j 

2 

8 7 

8 8 

4 60 

4 60 



12 

8.5 

8.2 

4 55 

4 60 



( 

4 

45.2 

49.9 

5 05 

1 5.10 



Hand 

18 

50 1 

50.3 

5 05 

5 05 

4 

Greenville 

1 

24 

48 3 

51.1 

5 10 

5.10 


sandy loam 

Drawer j 

2 

47 0 

47.3 

5.05 

5.05 



12 

49 3 | 

49.3 

5 05 

5 00 



f 

4 1 

21 4 

22 6 

6 45 

6 45 



Hand s 

18 

20.8 

22 8 

6 50 

6.40 

5 

Dekalb fine 

1 

24 

22 6 

21 9 

6 50 

6 45 


sandy loam 

Drawer | 

2 

23 8 

23 8 

6 45 

6 50 



12 

25 3 

21 9 

6 50 

6 50 



f 

4 

52.4 

61 4 

6 00 

6.00 



Hand { 

18 

60.4 

57 2 

6 05 

6.00 

6 

Brown silt 

{ 

24 

58 6 

58 8 

6 05 

6 05 


loam 

Drawer j 

2 

58.0 

58.5 

6.00 

6.05 



12 

59.6 

60.2 

6.10 

6.10 


soil scruNCB, vol. XKirr, no. I 
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TABLE 3— Concluded 


son. 

NUMBER 

son 

METHOD OP 
SHAKING 

TIME OP 
SHAKING 

NITRATE NITROGEN 

H-ION CONCEN¬ 
TRATION 

In dialysate 

In filtered 
extract 
from 
inside of 
sack 

In dialy- 
satc 

In filtered 
extract 
from 
inside of 
sack 





hours 

p.p.m. 

p.p.m . 

PE 

PB 




( 

4 

33.1 

40.4 

5.79 

5 78 




Hand -| 

18 

36 0 

35 8 

5.80 

5.78 

Average of all soils. < 


l 

24 

35 3 

36.0 

5.80 

5.79 




T r 

2 

34.7 

35 5 

5.78 

5.81 




Drawer j 

12 

30 0 

36 3 

5.80 

i 

5.80 


* Calculations for nitrate nitrogen made on basis of dry soil. 


It will be seen that with the six soils studied a complete equilibrium of 
nitrate ions is usually not established during the 4-hour hand shaking period. 
The 18- and 24-hour hand shaking periods as well as the 2 and 12 hours of 
drawer shaking, however, do establish complete equilibrium. Thus the 
superiority of the drawer shaking method in establishing equilibrium in a 
shorter period of time is again demonstrated. It will also be noticed that with 
most soils the 24-hour hand shaking method gave dialysates of slightly lower 
nitrate content than did the 18-hour. This is probably due to a little deni¬ 
trification, for upon repeating the 24-hour period with and without the addition 
of 10 drops of toluene, it was found that the average content of nitrate nitrogen 
where toluene was added was 1.1 p.p.m. greater than where toluene had not 
been added. 

From the data obtained with these six soils it appears that equilibrium of 
hydrogen ions is established in the 4-hour hand shaking period. Other soils 
worked with, however, did not attain equilibrium before 8 to 12 hours standing. 
It seems advisable, therefore, in order to be sure that equilibrium is established, 
to allow the flasks to stand over night. This means under most conditions a 
period of about 18 hours. 

A comparison of the data in tables 2 and 3 shows that the diffusion of nitrate 
and hydrogen ions is very rapid at first. Thus as an average of the six soils, 
25.3 p.p.m. nitrate nitrogen is found after 1 hour as compared to 31.5 p.p.m. 
after 18hoursof hand shaking; in other words, 70 per centof the nitrate nitrogen 
had diffused through the sacks at the end of 1 hour when the hand method of 
shaking was used. With the use of drawer shaking, 87.2 per cent of the nitrate 
nitrogen had diffused through the collodion sack at the end of 1 hour. 

From this study it is apparent that for the determinations of ions that come 
into solution readily as do nitrate and hydrogen ions, and possibly for such 
other ions as chloride, either the 2-hour drawer shaking or the 18-hour hand 
shaking methods can be used. The equilibrium is probably established by 
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TABLE 4 

The specific resistance and the phosphorus and calcium content of soil extracts after various 

periods of time* 


80IL 

NUMBER 

SOIL 

TIME 

PHOSPHORUS 

CALCIUM 

SPECIFIC RESISTANCE 

In dialy- 
sate 

In filtered 
extract 
from 
inside of 
sack 

. 

In dialy- 
sate 

In filtered 
extract 
from 
inside of 
sack 

In dialy- 
sate 

In filtered 
extract 
from 
inside of 
sack 



hours 

p.p.m. 

p.p.m. 

p.pm. 

PP-m . 

ohms 

ohms 



6 

7.6 

14.2 

63 7 

93 8 

11,410 

7,160 



18 

11.0 

15 4 

71.8 

74 0 

8,290 

7,060 

7 

Gray silt loam < 

30 

13.9 

17.7 

88 2 

80 0 

7,650 

7*500 



48 

15.4 

13.2 

85.6 

89.2 

7,650 

7,810 



6 

1.87 

3.31 

38 2 

50.4 

11,970 

8,920 



18 

2.78 

2 93 

47.0 

47.0 

10,790 

9,160 

8 

Gray silt loam 

30 

2.49 

2.84 

47.0 

46.1 

9,730 

8,640 



48 

2.99 

3 09 


47 0 

8,800 

11,720 



6 

0 63 

0 86 

68.7 

77.4 

6,390 

5,320 

o 

Norfolk sandy 

18 

0.84 

0.92 

67.8 

67.8 

5,660 

4,810 

V 

loam 

30 

1.24 

1.44 

74 8 

81.7 

5,320 

5,220 



48 

1.60 

1.72 

85.9 

85.9 

5,220 




6 

Trace 

Trace 

88.7 

106.0 

10,330 

8,450 



18 

Trace 

Trace 

111.0 

120.5 

8,880 

7,960 

2 

Sumter clay < 

30 

Trace 

'Trace 

131 0 

151.0 

7,500 

6,930 


V 

48 

Trace 

Trace 

145.0 

139.0 

6,930 

i 6,930 



6 

0 35 

0.40 

67.8 

113.0 

8,640 

5,320 

f. 

1 Brown silt 

18 

0.55 

0.45 

78 3 

94 8 

6,930 

5,660 

0 

loam 

30 

0.45 

0.40 

90.4 

95.6 

5,770 

7,770 



48 

0.50 

0.50 

102.6 

100.9 

6,010 

5,770 



6 

1.30 

2.10 

39.2 

45.2 

15,300 

12,220 



18 

1.90 

2.40 

38.2 

44.6 

14,920 

13,350 

10 

Norfolk sand < 

30 

2.30 

2.60 

46.3 

44 0 

12,500 

12,790 



48 

2.75 

3.00 

i 

45.2 

44.0 

13,060 

13,060 



6 

1.96 

3.96 

61.1 

81.0 

10,673 

7,898 



18 

2.85 

3.68 

69.0 

74.8 

9,246 

8,000 

Average of all soils... .< 

30 

3.39 

4.16 

79.6 

83.1 

8,078 

7,808 


l 

48 

3.87 

3.59 

85.3 

84.3 

7,945 

8,410 


* Calculations for phosphorus and calcium made on basis of dry soil. 


hand shaking in less than 18 hours, but since it seemed best to allow the flasks 
to stand over night, 18 hours appeared to be the most practical period of time. 
Thus, if the flasks are started in the afternoon, equilibrium will be established 
by the next morning. 
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Difficultly soluble constituents . With the less readily soluble constituents of 
the soil such as phosphorus, calcium, and potassium, the process of solution is 
slow. With those ions which show a considerable solubility effect, such as 
phosphorus, a long time is required for the establishment of equilibrium be¬ 
tween the inside and outside solutions. In explaining this fact three factors 
must be considered: First, equilibrium must be established between the soil 
and the water inside the sack; second, equilibrium must be established between 
the water inside and outside of the sack; third, as diffusion takes place from 
the inside, the equilibrium between the soil and the water on the inside is 


TABLE 5 

The specific resistance and phosphorus and calcium concentration of the dialysate after 18 hours 
when various proportions of water are used on inside and outside of sack * 


SOIL 

SOIL 

AMOUNT OK WATER 

PHOSPHORUS 

CALCIUM 

SPECIE JC 

NUMBER 

Inside sack 

Outside sack 

RESISTANCE 



cc 

cc 

p p.m . 

ppm. 

ohms 

7 

Gray silt loam j 

200 

200 

11.00 

71 8 

8,290 


100 

300 

10 70 ] 

75.7 

8,980 

8 

Gray silt loam j 

200 

200 

2 78 

47 0 

10,790 


100 

300 

2 22 

39 0 

10,570 

9 

Norfolk sandy f 

200 

200 

0.84 

67 8 

5,660 


loam \ 

' 100 

300 

0.72 

69.6 

5,770 

2 

Sumter clay | 

200 

200 

Trace 

111.0 

8,800 


100 

300 

Trace 

113 0 

8,800 

6 

Brown silt loam j 

200 

100 

200 

300 

0.55 

Trace 

78.3 

75.5 

6,930 

6,930 

10 

Norfolk sand j 

200 

200 

1 90 

38 2 

14,920 


100 

300 

1 50 

35 3 

15,300 


* Calculations for phosphate and calcium made on basis of dry soil. 


disturbed and as a result more material comes into solution. It is a rather 
complex system and a true equilibrium would be obtained only after a very 
long period of time. Thus, in preliminary work it was found that the amount 
of phosphorus and calcium in the dialysates increased slightly from the second 
to the third day. It would seem, therefore, that the hand method of shaking 
would be the most practical. To find the length of time necessary for the 
establishment of equilibrium of the difficulty soluble ions with the use of the 
hand method of shaking, the following experiment was conducted. Soil 
dialysates were prepared by placing 80 gm, of soil and 200 cc. of distilled water 
on the inside of the 500-cc. sack, and 200 cc. of water on the outside of the sack. 
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The shaking was done by hand as in the previous experiment with nitrate and 
hydrogen ions. After 4, 18, 30, and 48 hours the dialysates were removed for 
determinations of phosphorus, calcium, and specific resistance. 

The data are reported in table 4. It will be seen that with time, there is a 
gradual decrease in the specific resistance and an increase in phosphorus and 
calcium. As is to be expected, the total diffusion of ions is large during the 
first six hours, and gradually decreases with time as the more difficultly soluble 
constituents gradually come into solution. Thus, if the average of all soils is 
considered it will be noticed that the increase in the amount of phosphorus in 
the dialysate is 45.4 per cent between the sixth and eighteenth hour, 18.9 per 
cent between the eighteenth and thirtieth hour, and 14.1 per cent between the 
thirtieth and forty-eighth hour. Similarly with calcium the increase in the 
second period (6 to 18 hours) is 12.0 per cent, in the third period 15.3 per cent, 
and in the fourth period 7.2 per cent. The same general comparison is seen 
in the specific resistance. It is evident, therefore, that an arbitrary time of 

TABLE 6 


The specific resistance , II-ion concentration and nitratc t phosphorus , and calcium content of 
soil extracts before and after dialyzing with new and used collodion sacks 


MEMBRANE 

USED 

EXTRACT OF SANDY LOAM SOIL 

EXTRACT OK SILT LOAM SOIL 

Specific 

resistance 

H-ion 

concen¬ 

tration 

Nitrate 

nitrogen 

Phos¬ 

phorus 

PO4 

Calcium 

Ca 

Specific 

resistance 

H-ion 

concen¬ 

tration 

Nitrate 

nitrogen 

Phos¬ 

phorus 

PO* 

Calcium 

Ca 


ohms 

pa 

ppm. 

ppm 

ppm 

ohm< 

pa 

p.p.m 

p.p m. 

pp.m. 

None. 

5,170 

5.15 

4 60 

0 11 

8 3 

16,100 

5 35 

2 61 

0.09 

3 9 

New sack. 

5,159 

5 10 

4.66 

0 07 

8 2 

16,280 

5 35 ! 

2 62 

0.09 

2 9 

Used sack. . 

5,148 

5 10 

4 56 

0 09 

8 2 

16,100 

5 35 

2 62 

0 08 

3 1 


shaking and standing of the system must be chosen. From this study and 
from further work considered in the latter part of this paper it seems that the 
18-hour period with hand shaking (20) is the most satisfactory. 

Since in certain cases large amounts of extract are desired, it becomes of 
practical value to know whether the proportion of water on the outside of the 
sack could be increased, thus giving a large amount of extract for analysis. 
The results of such a study are shown in table 5. The data indicate that the 
relative amounts of water used on the inside and outside of the sack have 
practically no effect on the concentration of calcium and phosphorus in the 
dialysate nor on the specific resistance of the dialysate after the flasks have 
stood for 18 hours. 

Does the collodion sack absorb any of the soil constituents? 

The question as to whether the sacks might absorb some of the soil con¬ 
stituents, or cause a contamination of the extract if they are used repeatedly, 
was studied, and the data are reported in table 6. Two hundred twenty 
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cubic centimeters of soil extract was placed on the inside of the sack, and an 
equal amount of water placed in the 500-cc. Erlenmeyer flask. After equilib¬ 
rium had been established the dialysate was analyzed for phosphorus, nitrate 
nitrogen, and calcium, and its specific resistance and H-ion concentration 
were also determined. 

It will be noticed that with the exception of phosphorus, none of the soil 
constituents were affected even when old sacks were used. Additional experi¬ 
ments with soil solutions of different phosphorus concentration, showed that 
frequently sacks will absorb small amounts of phosphorus. The maximum 
error caused by this absorption was found to be approximately as follows: 
for solutions containing 0.4 p.p.m. PO4, 10 per cent; for solutions containing 
0.2 p.p.m. P0 4 , 20 per cent; for solutions containing 0.1 p.p.m. PO4, 25 per cent. 
This error is only introduced when solutions are being dialyzed. It is not a 
factor when soil suspensions are being dialyzed in the preparation of soil 
extracts. In the latter case the small amount of phosphorus absorbed by the 
sack is readily replaced by more phosphorus coming into solution. 

COLORIMETRIC DETERMINATION OF THE 11-ION CONCENTRATION 

It is well established that the colorimetric method for the determination of 
the H-ion concentration of soils is simple, time-saving, and at the same time 
sufficiently accurate for most soils work. A review of the work done with the 
colorimetric method, and a study of the various precautions to be observed 
in its use were made by Piefre (21). The main precautions may be briefly 
summarized as follows: (a) Importance of obtaining clear extracts, ( b ) neces¬ 
sity of having neutral indicator solutions, and (c) need of protecting solutions 
from the laboratory air while centrifuging and after they arc obtained. By 
following these precautions he was able to obtain good agreement between 
the colorimetric and electrometric methods of determining the H-ion concen¬ 
tration of soils. Good agreement has been obtained by other investigators, 
especially by Niklas and Hock (18). 

The principle of dialysis through collodion membrane was used in H-ion 
studies as early as 1915 by Levy and coworkers (13) in the determination of 
the H-ion concentration of blood. More recently Kolthoff (12) compared the 
H-ion concentration of soil extracts obtained by dialysis through parchment 
membranes with that of soil extracts obtained by filtering. He made the 
determinations on the dialysate and filtered extract by the colorimetric method 
and also on the filtered extract by the electrometric method. His results, 
however, do not show a very good correlation between the three methods. 
This can be explained partly by the fact that soil extracts are usually too 
slightly buffered to be determined accurately by the electrometric method 
as commonly used. 

In the present study the authors determined the H-ion concentration of soil 
extracts, obtained both by dialysis and by suction filtering, by means of the 
colorimetric method. The H-ion concentrations of the soil suspensions were 
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also determined by the electrometric method. The dialyzed extract was 
obtained according to the method previously recommended for nitrates and 
H-ion determination, that is, allowing the flasks to stand 18 hours with occa¬ 
sional shaking by hand. 

The dialysate and filtered extract were in most cases obtained from the 
same flask, the soil suspension inside the sack being filtered, by the modified 
suction method previously described, to give the extract referred to in table 7. 
The electrometric determinations w r erc made on 1:2 soil-water suspensions 
which had been shaken for one-half hour. A Leeds and Northrup improved 
type of potentiometer and sensitive enclosed lamp and scale galvanometer 
were used. The data obtained (table 7) show a good correlation among the 
three methods. 

The collodion sack method has also been found very useful in determining 
the buffer capacity of soils. In brief the method for buffer studies consists in 
preparing a series of flasks, using, for example, 40 gm. of soil to 80 cc. of water. 
To the flasks are then added varying amounts of some acid or base, determined 
by the range in which the buffer capacity of the soil is desired. Barium 
hydroxide and hydrochloric acid were used by the writers. The flasks are 
then allowed to stand with occasional shaking until equilibrium is established 
between the soil and the acid or base added. This can be readily determined 
by making Ii-ion determinations on 5 cc. of the dialysate at intervals until 
there is no longer any change during a period of 24 hours. This will usually 
be after 48 hours. If the amount of acid or base added to the soil and the 
H-ion concentration of the dialysates at equilibrium are known, the buffer 
capacity of the soil can be readily calculated. 

In a brief study of the use of parchment shells for obtaining soil dialysates 
for H-ion determinations it w'as found that with the four soils studied, new 
shells gave extracts of a H-ion concentration equal to that of extracts obtained 
by the use of the collodion sack. It was found, however, that the shells may 
absorb bases and acids from the soils and that these bases and acids cannot be 
washed out readily. Consequently, if shells were used more than once with 
soils of quite different H-ion concentration they were found to give up some of 
the bases or acids previously absorbed and to give dialysates of high or low 
H-ion concentration. On the other hand, collodion membranes used re¬ 
peatedly with soils of different reactions showed no absorption effects and gave 
extracts of the same H-ion concentration as those obtained with new sacks. 

The collodion sack method, therefore, is of special value in obtaining soil 
extracts for the determination of the H-ion concentration of soils by the 
colorimetric method. Although the suction filtering method makes possible 
the securing of extracts in a shorter time, the collodion sack method is much 
more rapid if a large number of extracts are to be obtained. Thus, if twenty 
soil extracts are to be prepared, the flasks with sacks can be set up in a period 
of about 20 minutes, shaken a few times that afternoon, and the H-ion 
determinations made by the colorimetric method on the dialysate the next 
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morning in less than half an hour. Moreover, the collodion sack method offers 
fewer difficulties in the securing of clear soil extracts than does the suction 
filtering method. As was shown by one of the authors (21) the latter method 
requires that care be taken in washing the filter paper, and in preventing too 
much suction when soils of low H-ion concentration are filtered. 

DETERMINATION OF NITRATES 

The phenoldisulfonic acid method is commonly used for the determination 
of nitrate in soils. It is simple, rapid, and sufficiently accurate for all practical 
purposes, provided a few precautions are followed. Probably the most 
important of these precautions is the securing of a clear and colorless extract. 
In order to get clear extracts various methods of obtaining soil extracts have 


TABLE 7 

The IJ-ion concentration of soil extracts , obtained by dialysis and by Jiltration y as compared 

with that of soil suspensions 


SOIL NUMllLR 

SOIL 

H-ION CONCENTRA¬ 
TION OF SUSPEN¬ 
SIONS 

(ELECTROMETRIC) 

H-ION CONCENTRA¬ 
TION OF DIALYSATE 
(COLORIMETRIC) 

H-ION CONCENTRA¬ 
TION OF FILTERED 
E'TRACT 
(COLORIMETRIC) 



pa 

pa 

pa 

1 

Norfolk sandy loam 

4 85 

4.95 

4.85 

12 

Decatur silt loam 

5.17 

5 15 

5.10 

16 

Gray silt loam * 

7.10 

7.10 

7.00 

17 

Norfolk sandy loam 

4 92 

5.00 

5.00 

18 

Norfolk sandy loam 

5 87 

6 00 

6 00 

19 

Norfolk fine sand 

6.42 

6 35 

6.40 

20 

Decatur silt loam 

5 61 

5.60 

5.60 

21 

Wooster silt loam 

6.66 

6.85 

6.80 

22 

Ruston sandy loam 

5.11 

5.15 

5.00 

23 

Norfolk sandy loam 

5.99 

6.05 

6 00 

24 

Houston clay 

7.88 

7.80 

7.80 

25 

Decatur silt loam 

4.46 

4 55 

4 50 


been used, but the use of flocculating agents with subsequent filtering seems 
to have become the most general procedure. Harper (10) has recently made a 
study of the method and gives a good review of the literature. After making 
a comparison of various flocculents used, he recommends the use of a com¬ 
bination of copper sulfate, calcium oxide, and magnesium carbonate. The 
collodion sack method gives clear extracts and seems well adapted for use in 
nitrate determinations. It seemed desirable, therefore, to compare this method 
with other methods of obtaining extracts for nitrate determinations. 

In table 8 is given the nitrate content of soil extracts as determined by the 
phenoldisulfonic acid method when the extracts had been obtained by different 
methods. The figures given are averages of duplicate determinations. The 
flocculation method used was that recommended by Harper, and the dialysates 
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were obtained as previously recommended. With the suction filtering method 
the suspensions were prepared according to the procedure of Stewart (25). 
Filtration was done with the modified suction filtering apparatus previously 
mentioned. 

As the data indicate, the agreement among the three methods is in most 
cases good. The flocculation method, however, gives erratic results in a few 
cases. Upon making duplicate determinations of nitrates on these extracts 
the flocculation method often gave poorer checks than did the extracts from 
the other two methods. This was believed to be due partly to the large 


TABLE 8 

Nitrate nitrogen in soils when the extracts are obtained by different methods 




METHOD OP OBTAINING SOIL EXTRACTS 

SOIL NUMBER 

SOIL 

Dialysis 

Modified 
suction filtering 

Flocculation 
by Harper 
method 



P pm. 

p p.m. 

p.p.m. 

1 

Norfolk sandy loam 

66 2 

67 4 

73.4 

2 

Sumter clay 

5.4 

6 5 

6.6 

3 

Gray silt loam 

8 6 

9.9 

9 5 

4 

Greenville sandy loam 

48 7 

49 3 

42.5 

5 

Dekalb fine sandy loam 

25 9 

27 2 

24.1 

6 

Brown silt loam 

65 7 

66 9 

73.5 

11 

Dekalb fine sandy loam 

6.3 

6 3 

7.2 

12 

Decatur silt loam 

10.8 

9.9 

10.6 

13 

Greenville sandy loam 

42.6 

43.2 

41.2 

14 

Greenville sandy loam 

4.6 

4.7 

5.4 

15 

Black silt loam 

25.8 

25 7 

28.6 


Average 

28.2 

29 7 

29.3 


amount of salts present as a result of the reagents added, and partly to the fact 
that there was often a slight interfering color in these extracts. 

The use of fiocculents was also found to necessitate the making of a nitrate 
determination on the reagents. Thus, it was found that c. p. magnesium 
carbonate contained appreciable amounts of nitrates. On the other hand, 
certain kinds of filter paper may absorb nitrates, as was shown by Gimingham 
and Carter (9). The collodion sack method eliminates both of these sources 
of error, and insures the securing of clear extracts. 

The use of decolorizing agents 

Beside the slight turbidity of extracts, which is commonly present and which 
interferes in the phenoldisulfonic acid method of determining nitrates, there is 
also, with some extracts, the interference of color due to the presence of soluble 
organic matter. This is usually overcome by the addition of absorbents. As 
is obvious, absorbents can be used equally well with the collodion sack method 
as with any other method. 
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A review of the literature indicates that carbon black and alumina cream are 
the absorbents most commonly recommended. Chamot and coworkers (4), 
and later Emerson (7) recommended the use of alumina cream, whereas 
Schreiner and Failyer (23), Harper (10) and others found “G Elf” carbon black 
to be satisfactory. In a brief comparison the writers found that carbon black 
was much superior to alumina cream in decolorizing power. It was also found 
that alumina cream absorbed appreciable amounts of nitrates. Harper, 
however, raised the following objections to the general use of carbon black; 
(a) the passing of finely divided carbon through the filter paper which caused a 
black residue upon evaporation, (b) the possibility of the carbon black absorb¬ 
ing more or less nitrate, ( c ) the inability of carbon black to flocculate soil sus¬ 
pensions, and (d) the difficulty of removing it from the apparatus. It will be 
noticed that the first and third objections are removed when the collodion 
sack method is used. It was also found that the sacks could readily be cleaned 
practically free of carbon black. 


TABLE 9 

Nilrate nitrogen in soils when various kinds and various amounts of carbon black are added to 
the soil suspension in the collodion sack 


son. 

NUMBER 

SOIL 

TREATMENT WITH CARBON BLACK 

None 

0 2 pm 
“PfansUehl” 

0 5 pm. 
“Pfanstichl” 

0 2 pm. 

“G Elf” 




1 

P p m. 

PPm. 

p p.m. 

p p m. 

p p.m. 

3 

Gray silt loam 

8 3 

7.2 

5.0 

8.2 

8.4 

6 

Brown silt loam 

64 6 

62.6 

60 5 

62.2 

64.8 


A brief study was made of the possibility of absorption of nitrates by two 
different kinds of carbon black. The carbon black was added to the soil 
inside the sack (20 gm. of soil) and the nitrates were determined in the dialysate 
after the usual 18 hours standing. The results are presented in table 9. 
it is evident that the “Pfanstichl” decolorizing carbon will absorb nitrates from 
some soil extracts if used in large amounts, while the “G Elf” has no effect. 

In working with a compost soil giving a highly colored extract 0.2 gm. of 
carbon black added to 20 gm. of soil was found sufficient to decolorize the 
extract. Therefore, in working with soils giving colored extracts it is recom¬ 
mended that 0.2 gm. of “G Elf” carbon black be added to the soil inside the 
sack. 


PHOSPHORUS AND CALCIUM DETERMINATIONS 

The collodion sack method of obtaining soil extracts was used with advantage 
by Parker and Tidmore (20) in the determination of phosphorus in the soil 
extract. They allowed 18 hours for solution and diffusion to take place before 
they analyzed the dialysate. Since the solution of soil phosphorus, calcium, 
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and other mineral soil elements is very gradual and continuous, as was pointed 
out in the equilibrium studies in table 4, an arbitrary period of time for solution 
and diffusion must be selected. Table 4 indicates that 18 hours is a very satis¬ 
factory period to use. It then seemed desirable to compare this procedure with 
other methods of securing extracts. 

Table 10 gives the concentration of phosphorus and calcium and the specific 
resistance of soil extracts obtained by the collodion sack method, the modified 
suction filter method, and the Pasteur-Chamberland filter methods. In the 
latter two methods the soil suspension was given the preliminary mixing used 


TABLE 10 

The specific resistance and the phosphorus and calcium concentration of the soil extracts 
obtained by different methods * 


SOIL. NUMBER 

SOIL 

METHOD 

| 

PHOSPHORUS 

CALCIUM 

SPECIFIC 

RESISTANCE 




pp.m .* 

p.p.m. 

ohms 


( 

Collodion sack 

12.10 

67 8 

8,120 

7 

Gray silt loam ^ 

Suction liltcr 

13.40 

76 5 

7,060 


1 

P. C. filter 

9.90 

67.0 

7,960 


f 

Collodion sack 

3.10 

40 0 

10,100 

8 

; Gray silt loam 4 

Suction filter 

3.40 

40 8 

9,160 


1 

P. C. filter 

2.70 

33 9 

9,740 


( 

Collodion sack 

1 00 

71.3 

5,220 

9 

| Norfolk sandy \ 

Suction filter 

1 00 

74.8 

5,220 


loam ( 

P. C. filter 

0.50 

74 8 

5,220 


[ 

Collodion sack 

0.75 

68.7 

6,640 

6 

Brown silt loam \ 

Suction filter 

Trace 

76 5 

8,120 


{ 

P. C. filter 

Trace 

62 6 

8,450 


f 

Collodion sack j 

2.10 

40 0 

13,960 

10 

Norfolk sand { 

Suction filter 

2 20 

40 8 

14,620 


l 

P. C. filter 

1 40 

33 0 

16,390 


* Calculations made on basis of dry soil. 


by Stewart (25) in his soil extract studies. One-half the suspension was filtered 
through a Pasteur-Chamberland filter and the other half through the modified 
suction filter. The dialysate was obtained after 18 hours, the hand method 
of shaking being used. The phosphorus was determined by the Coeruloe- 
molybdate colorimetric method used by Parker and Tidmore, and the calcium 
was determined by the ordinary volumetric method. Since in most cases only 
100 cc. of extract was used for calcium determinations, the minor discrepancies 
noticed in the table can be accounted for. 

The data in table 10 show that the collodion sack method and the suction 
filter method give extracts of practically the same concentrations of phosphorus 
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and calcium. It is evident, therefore, that the 18-hour dialysis gives as good an 
arbitrary method of obtaining soil extracts for the study of the water-soluble 
mineral constituents of the soil as do the ordinary Altering methods. As is 
again shown, the Pasteur-Chamberland filters may absorb appreciable amounts 
of phosphorus. 

It is evident from these studies that the collodion sack method is not only 
adaptable to the securing of extracts for determinations of H-ion concentration, 
of nitrates, and of water-soluble phosphorus and calcium, but also that it should 
be equally well adapted for use when any of the other water-soluble constituents 
of the soil are to be determined. Not only does it furnish large amounts of 
clear extract from which all water-soluble constituents can be determined by 
even the most exacting colorimetric methods, but also its use is simple. More¬ 
over, as used by Parker and Tidmore (20) it furnishes a convenient method of 
studying the solubility of soil constituents. 

SUMMARY 

The advantages and disadvantages of different methods of obtaining soil 
extracts are considered. The use of collodion sacks in obtaining soil extracts 
by dialysis seems to offer a method that is short and simple and gives 
the soil extract in an unaltered condition. The method was studied in 
detail. 

1. By a procedure given in cjetail, twenty collodion sacks can be made easily in one 
hour. 

2. A sack may be used several times in preparing soil extracts. Neither old nor new 
sacks influence the composition of the extract. 

3. Equilibrium studies on the dialysate and on the filtered soil suspension from the inside 
of the sacks, obtained after various periods of contact and with various methods of shaking 
of the system, may be summarized as follows: 

a. Continuous mechanical shaking of the dialyzing system or flasks for 1 hour gave a 
quicker diffusion of ions through the membrane than did hand shaking at intervals of 15 
minutes for the same period. 

b. For ions that come into solution quickly, 2 hours of shaking of the flasks in a drawer 
type shaker, or 18 hours standing with occasional hand shaking was found to establish com¬ 
plete equilibrium. Both of these methods of shaking are recommended as practical. 

c. For ions that come into solution slowly, the arbitrary time of 18 hours of standing, 
with hand shaking of the flasks once every hour during the day, is recommended. This 
procedure was found to give extracts of practically the same concentration of phosphorus and 
calcium as does the common method of obtaining extracts. 

4. A study of the collodion sack method of obtaining soil extracts for the determination 
of nitrates, H-ion concentration, and water-soluble phosphorus and calcium established the 
following points: 

a. The H-ion concentrations of soil extracts obtained by the collodion sack method, of 
filtered soil extracts determined by the colorimetric method, and of soil suspensions deter¬ 
mined by the electrometric method agree well. The collodion sack method, therefore, is 
of special value where the H-ion concentration of soils is to be determined by the colori¬ 
metric method. 

b. The buffer capacity of soils can be determined readily by means of the “Dialysis- 
colorimetric” method. 
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c. Extracts obtained by the collodion sack method have the same concentration of ni¬ 
trates as do extracts obtained by filtering or flocculation methods. 

d. “G Elf” carbon black completely removes the color of extracts due to soluble organic 
matter without affecting the nitrate nitrogen content of the extract. 

e. The collodion sack method not only ofTers a new simple method for use in the deter¬ 
mination of the water-soluble constituents of the soil but also offers a means of studying 
the solubility of the relatively insoluble soil constituents. 

5. The advantages of the collodion sack method over other methods of obtaining soil 
extracts may be biiefly summarized as follows: 

a. It gives clearer soil extracts than is usually obtained by other methods, and is, there¬ 
fore, especially adapted to the determination of the water-soluble constituents of the soil by 
colorimetric methods. 

b. It does not affect the constituents of the soil extract as does filtering with Pasteur- 
Chamberland filters and in some cases with filter paper. 

c. It requires no flocculating agents, and thus eliminates any error due to the addition 
of flocculents. 

d. It requires little apparatus, is simple and inexpensive, and is well adapted to routine 
laboratory work where large numbers of extracts are to be obtained. 
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INTRODUCTION 

Besides the numerous bacteria and actinomyces and a few molds that 
develop upon the plate from soil, there may occur occasionally a colony of a 
yeast. Dates for counting bacteria and actinomyces, however, are generally 
made at relatively high dilutions of soil (100,000 to 10,000,000) and it would 
not appear surprising if yeasts failed to appear in abundance at these dilutions 
even though they were numerous in the soil. 

The general occurrence of yeasts in considerable abundance on fruits and 
flowers suggests their presence in soils. That they do occur there has been 
repeatedly shown, but in what abundance may they be expected? Previous 
studies on the occurrence of yeasts in nature give little information on the 
abundance with which they may be found in soil or what species may be most 
frequently encountered. There appears to have been no systematic study 
conducted to determine whether they occur sufficiently regularly or abund¬ 
antly to be factors of importance in soil transformations, whether they should 
be considered normal soil inhabitants or occasional invaders. 

The following studies were conducted to cast light upon the presence of 
yeasts in soil, to determine how widely they may be found, in how great a 
diversity of forms, and in what abundance. It w r as of particular interest to 
determine whether yeasts might be considered as important elements of the 
microscopic population of the soil. 

HISTORICAL 

The extensive researches of Hansen on yeasts embraced studies on the cycle of some yeasts 
in nature, particularly Saccharomyccs ( Hansenia) apiculatus and some of the true Saccha- 
romycetcs. In the early studies on the apiculate yeasts, Hansen (12,13) determined that these 
forms depended principally upon the sweet, ripe, juicy fruit for their proliferation. Develop¬ 
ing on the fruit they would become disseminated principally by air currents and also by 
insects and rainfall to other fruits and soil. The fallen fruit also carried yeasts to the soil. 
They could persist for some time in soil but apparently did not find conditions particularly 
favorable for development. It was believed that they lived over the cold months in soil and 
were introduced upon fruit again from soil by dust, insects, and other natural agencies. Ac¬ 
cordingly it was noted that these yeasts were more abundant during the fruiting season and 
less numerous in the spring. Their numbers also increased in the atmosphere during the late 
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summer (14). When yeasts ( Saccharomyces apiculatus , S. pastorianus, S . ellipsoideus f 
Carlesberg No. 1, and a brewery yeast) were inoculated into soil and kept under natural 
conditions they persisted for at least a year although their numbers decreased (15). S. 
apiculatus was still found in the inoculated soil after exposure to natural conditions for three 
years. 

It was later shown (16,17,18) that the true Saccharomycctes pass through a cycle much the 
same as the apiculate yeasts, but because the true Saccharomycetcs form spores and S. apicu¬ 
latus does not, the former persisted longer and appeared more widely distributed. Since the 
most important region of development of these yeasts is fruit, it is not surprising that they 
were found more abundantly in soils of vineyards and orchards and less frequently at distances 
from these regions. Saccharomycctes were found in 67 per cent of samples of soil under fruit 
trees, in 30 per cent of samples of soil in neighboring woods, and in 19 per cent of samples 
in remote fields. Soils of mountainous regions contained extremely few Saccharomycctes. 
The true Saaharomytctes were found more widely distributed than the apiculate yeasts, and 
Willia and Pidna forms were more tolerant to natural climatic conditions than the true 
Saccharomycctes. Although these data suggest that these forms may occur temporarily in 
soil they do not indicate that yeasts are of importance in soil transformations. 

Many of these observations were verified or amplified by Berlese (2), Muller-Thurgau 
(29, 30), Wortmann (37), Oordier (7), Klocker (22), Boutroux (3, 4, 5), and Heinze (19). 
[See also Klocker (23) and Guilliermond (11).] 

Muller-Thurgau (29) determined that wine yeasts occurred in orchard and vineyard soils 
not only at the surface but even at 20 to 30 cm. below the surface. None were found at a 
depth of 40 cm. Berlese (2) found them in vineyards and orchards down to 12 or 13 cm. 

Fischer (9) found that yeasts were often favored by soils rich in humus and found them 
particularly abundant in high moor soils. Klocker (22, 21, 25, 24) isolated many new species 
of yeasts from soils from various parts of the world. These included Saccharomyces , Endo- 
viyces , Debaromyces, and Schwanr^iotnyces. Ludwig i27), HeKruyff (8), and Adametz (1) 
obtained yeasts from soil. 

Pasteur early showed that yeasts did not occur abundantly on green fruit (32, 35, 31) but 
developed rapidly on the ripened fruit if no precautions were taken to prevent their deposition 
on the fruit. Yeasts have been found in considerable abundance in flowers by Boutroux 
(3, 4, 5), Berlese (2), Cordier (7), Schuster and Vladimir (34), and Reukauf (33). Several 
of these authors have verified Pasteur’s observations on the absence of yeasts on immature 
fruit. 

That insects may be important factors in transporting yeasts from fruit to fruit and from 
flower to flower is quite generally accepted (17, 29, 37, 22, 3, 5, 4). In these instances the 
yeasts may be meiely carried on the surfaces of the insects’ bodies or pass through their 
digestive systems. Brefold (6) and Berlese (2) considered that yeasts might not only multiply 
in the digestive tracts of some insects, but might have their principal abode there. 

As regards the occurrence of Torulae in soil there appears to be very scant information. 
Adametz (1) found white as well as red species widely distributed. DeKruylT (8) found that 
the Torulae composed a comparatively small proportion of the total number of yeasts found 
in soil and foliage. Ludwig (27) isolated some Torulae from soils of the Alps. Kldcker (22) 
cites Hansen as finding species of Torula distributed widely in nature. Kohl (26) states that 
the greatest number of yeasts which are found in nature on fruit or in soil are wild yeasts. 

A lost of these researches appear to have been primarily concerned with the sources of yeasts 
that oceui on fruit and not with the importance of yeasts as representatives of the soil flora. 

METHODS 

For obtaining the soil samples, sterile cylindrical samplers were used (10.5 
cm. long by 2 cm. inside diameter). Samples were taken to a depth of 6f 



OCCURRENCE OF YEASTS IN SOIL 


35 


inches after the litter on the soil surface was removed. The soil was removed 
from the samplers by sterile wooden plungers to sterile 250-cc. bottles. These 
samples, which weighed from 20 to 50 gm., were suspended in 100 cc. of sterile 
tap water. One-cubic centimeter portions of these suspensions (equivalent 
to 0.2 or 0.3 gm. of soil) were inoculated into 100 cc. of a medium composed 
of 90 cc. nutrient broth and 10 cc. dextrose-tartaric acid solution. The 
dextrose-tartaric acid solution was composed of 50 per cent dextrose and 5 
per cent tartaric acid. This solution was sterilized separately from the broth 
and added after sterilization. The final reaction of the medium was close to 
pH 3.8. This acidity prevented the development of bacteria but supported 
growth of yeasts and filamentous fungi. The molds tended to form a heavy 
pellicle upon the surface. In order to obtain samples relatively free of molds 
from these cultures, flasks were used which had a tap sealed in at the bottom. 
If yeasts developed they could be obtained readily in samples drawn off through 
this tap after incubation for about a week. After the incubation period the 
samples were diluted and plated upon an agar medium composed of 9 cc. 
nutrient agar and 1 cc. of the above mentioned dextrose-tartaric acid solution. 
Subsequent to incubation for 24 or 48 hours, the plates were examined for yeast 
colonies which were planted upon Sabouraud’s agar of the following 
composition: 

Per cent 


Peptone.1 

Maltose. .4 

Agar. 1.8 


The cultures so obtained were studied morphologically and culturally for 
identification. 

As alternative media for initial enrichment and plating, the medium sug¬ 
gested by Waksman (36) for plating filamentous fungi proved as satisfactory 
as the above. The solution medium was of the following composition: 


Dextrose. 
Peptone. 
KH,P0 4 . 
MeSCL. . 


per cent 
1 

0.5 

0.1 

0.05 


About 10 cc. sterile 1/15 N H 2 SO 4 was added to 90 cc. of this sterilized medium 
to bring the pH to 3.8. A solid medium was prepared containing 3 per cent 
agar. Just before pouring the plates 1 cc. of sterile 1/15 N H 2 S0 4 was added 
to each 10 cc. 

In some instances soil samples were plated directly upon the acidulated 
agar without previous enrichment in the solutions, and yeast colonies were 
picked after incubation. In some instances 100-gm. portions of soil were in¬ 
cubated after the addition of 1 or 2 gm. of dextrose. Later these were either 
plated or enriched in the nutrient-dextrose-tartaric acid solutions. 
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RESULTS 

In all, 87 different soils, obtained principally from a region within a radius 
of 50 miles of Minneapolis, Minnesota, were studied. Of these, 59 were ob¬ 
tained from Minnesota, 9 from Wisconsin, 16 from New Jersey, 2 and 3 from 
New Hampshire. Included among these were sands, peats, clays, and muck 
supporting such a variety of vegetation as brush and trees, grasses, grain, 
garden truck, and fruit. 

It was strikingly apparent throughout the studies that the soils harbored 
extremely few yeasts. Of the 87 soils studied, 48 (55 per cent) yielded no 
yeasts by any of the methods applied, whereas 39 (45 per cent) gave one or more 
species. Only 2 soil samples, 1 lawn and 1 garden, yielded three different 
species of yeast each. From 10 samples of soil two different species of yeast 
were obtained. 

From no single sample of soil were more than three different species of yeast 
obtained, although several different methods were used to obtain them. 

Molds occurred in abundance from most soils whether the soils were enriched 
in the acidulated sugar medium before plating or whether the soil was plated 
directly. It was particularly striking that the molds occurred in great abun¬ 
dance, whereas the yeasts were scant. In two cases where the yeasts appeared 
fully as abundantly as in any soil there occurred 26,000 and 7,600 molds per 
gram, whereas only a few colonies of yeasts were found. In this instance 
suspensions equivalent to 1/4 or 1/40 gm. of soil were plated for the yeasts. 
Dilutions of over 1/100 gm. of the original soil would scarcely ever show 
yeast colonies when plated or inoculated into liquid media. Even when a 
suspension equivalent to 1/10 gm. of soil was used in direct plating there seldom 
developed over five colonies of yeasts. Plate counts of yeasts should, more¬ 
over, give fairly good representations of the abundance of yeasts due to the 
type of their reproduction. These results would appear to indicate definitely 
the relative scarcity of yeasts in soil. 

Because the yeasts appeared in such small numbers in any of the soils used, 
even including those supporting large and small fruit stock, there chould hardly 
be very much importance attached to correlations between the finding of yeasts 
and the vegetation, reaction, soil type, or seasonal variation except as such 
data might show a haphazard distribution under the various conditions or a 
consistent presence or absence under some conditions. The following tables 
indicate the instances where yeasts were obtained and where they were not 
found. 

1 The authors are very grateful to Dr. Waksman of the New Jersey Agriculture Experi¬ 
ment Station at New Brunswick and to Mr. Jones of the experimental cranberry laboratories 
at Whitcsbog, New Jersey, for providing soils growing cranberries and blueberries. Thanks 
are also extended to Prof. Blair for permission to obtain samples from the experimental plots 
at the New Jersey station and to Professor Rost for permission to obtain samples from the 
experimental plots at the University of Minnesota. 
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Table 1 shows a correlation between the occurrence of yeasts in soil and the 
plant growth. Of the 45 cultivated soils, 17 (38 per cent) gave cultures of 
yeasts. There appears to be no significant difference whether these soils grew 
legumes or non-legumes, grasses or garden truck. The proportion of soils 

TABLE 1 


Correlation between the occurrence of yeasts in soil and the vegetation on these soils 


NUMBER OF 
SOILS 

VEGETATION 

NUMBER OF 
YLASTS 
FOUND 

NUMBER OF 
ROILS WITH 
ONLY ONE 
YEAST 

NUMBER OF 
SOILS WITH 
MORE THAN 
ONE YEAST 

PER CENT OF 
BOILS WITH 
YEAST 

45 

Cultivated 

22 

13 

4 

38 

33 

Grasses and grain 

13 

11 

1 

36 

6 

Legumes 

2 

2 

0 

33 

5 

Mangels and potatoes 

5 

0 

2 

40 

1 

Gardens 

2 

0 

1 

100 

3 

Lawns 


0 

3 

100 

5 

Pasture and prairie 


2 

0 

40 

19 

Orchards and small fruits 


7 

3 

53 

9 

Large fruits 


1 

2 

33 

4 

Berries and grapes 


2 

0 

50 

2 

Blueberries 


0 

1 

50 

4 

Cranberries 


4 

0 

100 

8 

Wooded Land 


1 

1 

25 

3 

Sand Dunes and Banks 


3 

0 

100 

4 

Swamps and Marshes 


1 

1 

50 

87 


53 

27(31%) 

12(14%) 

45 


TABLE 2 

Correlation between soil type and the occurrence of yeast 


SOIL TYPE 

SOILS WITH YEASTS 

SOILS WITHOUT YEAST 

TOTAL 
NUMBER 
OF SOILS 

Muck. 

0 

per cent 

0 



2 

Peat. 

4 

80 



5 

Sand. 





9 

Sandy loam. 





34 

Clay loam. 





31 

Clay. 





6 

Totals. 

39 

45 j 

48 

55 

87 


showing yeasts was nearly the same in all instances. Included in this group 
of soils were 9 samples from experimental plots of New Jersey, 2 of which gave 
yeasts, and 9 samples from experimental plots of Minnesota, none of which 
gave yeast development. 
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The three lawn soils each gave more than one yeast, a result which appears 
suggestive in spite of the fact that the data are too scant to carry much weight. 

Only 2 of 5 soils of pastures and prairie types gave yeasts, whereas practically 
half of the orchard soils gave yeasts. This low proportion was rather unex¬ 
pected in the light of the results of other workers, particularly since many of 
these soils were studied during September, a period when yeasts should occur 
in these regions in the greatest abundance. The percentage of soils growing 

TABLE 3 


Correlation between reaction of soils and occurrence of yeasts 


SOIL REACTION 

SOILS WITH YEASTS 

SOILS WITHOUT YEASTS 

TOTAL NUMBER 
or SOILS 

pH 

4.0-4.5 

4 

Per cent 

100 

0 

per cent < 

0 

4 

4.6-5.0 

1 

50 

1 

50 

2 

5.1-5.5 

2 

40 

3 

60 

5 

5.6-6.0 

0 

0 

7 

100 

7 

6.1-6.5 

9 

50 

9 

50 

18 

6.6-7.0 

10 

45 

12 

55 

22. 

7.1-7.5 

1 

20 

4 

80 

5 

7.6-8.1 

4 

44 

5 

56 

9 

Totals. 

31 

43 

41 

57 

72 


• TABLE 4 

Correlation between season of year and occurrence of yeasts in soil 


month 

SOILS WITH YEASTS 

SOILS WITHOUT YEASTS 

TOTAL 
NUMBER 
or SOILS 

May. 

6 

per cent 

24 

19 

per cent 

76 

25 

July. 

1 

33 

2 

67 

3 

August. 

6 

40 

9 

60 

15 

September. 

9 

43 

12 

57 

21 

December. 

5 

22 

18 

78 

23 

Totals. 

27 

31 

60 

69 

87 


large fruits which showed yeasts (33 per cent) was much below that of the 
soils growing cranberries (100 per cent). The reaction of the last mentioned 
soils was considerably below that of the soils growing large fruits. Only 2 of 8 
soils of woodland showed yeasts. Each of the three samples of sands developed 
yeasts. Only 2 of 4 samples from swamps and marshes showed yeast 
development. 

Table 2 presents a correlation between the occurrence of yeasts and the type 
of soil roughly classified under six types. Yeasts were found in practically 
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all soils except muck. In this instance but two samples were studied, con¬ 
sequently these results would hardly be significant. In peat and clay a par¬ 
ticularly high proportion of the samples yielded yeasts (80 and 83 per cent 
respectively). Sands also gave a high proportion. The results as a whole, 
however, show little that could be taken as indicative that yeasts would 
appear more abundantly in soils of one type than another. 

Even though yeasts were found between pH 4.0 and 4.5 in all of the four 
soils and between pH 6.0 and 7.0 in only 60 per cent of the cases, there was 
no regularity in the results to indicate that the abundance of yeasts might be 
affected by alkaline or acid conditions. (See table 3.) 

Table 4 indicates that yeasts might be found more commonly during the 
late summer than during the early summer or the winter. 

The results as a whole indicate that the yeast population is in general so 
small that the effects of plant growth, soil structure, soil reaction, or seasonal 
variations have slight significance. The differences which appear in these 
results arc more like chance scattering than distribution significantly cor¬ 
related with environmental factors. The conclusion seems justifiable that 
yeasts occur in most soils in such small numbers as to be of little importance 
in the transformations that occur there. 

DESCRIPTION OF SPECIES 

The classification and identification of yeasts are not easy. This is more 
particularly true of the species, for most strains may be readily placed in their 
proper genus after a little study; but the published descriptions of species are 
frequently so incomplete, or their identification is based upon such variable 
characters, that it is almost impossible to decide whether an organism is new 
or one that has been previously described. It has been possible to identify 
positively but three of the twelve species isolated— Nadsonia fulvescens , Willia 
anomala , and Torula glutinis. 

Several of the organisms isolated proved on further study not to be true 
yeasts, the yeast-like cells which were found on agar plates later developing 
mycelium. The authors were thus misled three times by the sporidia of 
TJstilago zeae; and once each by an organism closely resembling Oidiutn lactis 
and another very similar to Monilia Candida , the latter producing mycelium 
only under semianaerobic conditions in agar stab cultures. Chlamydomucors , 
producing budding yeast-like cells and an alcoholic fermentation, also proved 
misleading at first. 

The forty-nine strains of yeasts isolated have been observed in cultures 
grown on Sabouraud agar, and in large tubes of 5 per cent dextrose broth. 
Further study of fermentation was made in small tubes containing 1 per cent 
sugar broths with gas traps and Andrade’s indicator; dextrose, lactose, sucrose, 
maltose and mannite were used. Each strain was tried three times for gelatine 
liquefaction, once in ordinary gelatine stabs, once in 5 per cent dextrose gela¬ 
tine stabs, and once by the method recently described by Frazier (10); in no 
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case, however, was any digestion of the gelatine shown. All cultures were 
incubated at about 30°. 

Morphological characters were determined from young (24-hour) Sabouraud 
agar cultures, and from the same cultures after they were a week or more old. 
For spore formation, the classical plasterblock method was used, and, with 
much more success, the carrot infusion calcium sulfate agar recently described 
by McKelvey (28). Spores were also found in old agar cultures in several 
instances. Morphological characters have been determined almost entirely 
by the examination of unstained wet preparations. The identification of 
spores has been confirmed in every instance by the use of Moeller’s spore stain, 
and fat globules have been identified by the use of Sudan III and osmic acid. 

It has been impossible positively to identify most of the species. However, 
it has appeared particularly striking that the various species maintained with 
marked constancy even slight differences in morphological and cultural char¬ 
acters over relatively long periods of subcultivation; in particular, differences in 
morphological characters consistently correlated with cultural characters. The 
twelve species were first separated almost entirely on morphological characters, 
but subsequent tabulation of cultural characters showed that those which 
were identified as the same by morphological characters had, with few excep¬ 
tions, the same cultural characters. 

In grouping the species isolated, the classification and nomenclature of 
Guilliermond (11) has been followed. The twelve species are described below, 
and are illustrated in the accompanying plate. The various figures are all 
camera lucida drawings at the same magnification. In figures 1 to 8, inclusive, 
the upper half shows the morphology in old cultures or cultures from Mc- 
Kelvey’s medium for spores; the lower half shows the cells in young Sabouraud 
agar cultures. In the remaining figures the entire field shows cells from a 
young culture, the old cultures not showing any noteworthy difference. 

Zygosaccharomyces sp. (fig. 1). This yeast, found but once, was the only species isolated 
showing definite evidence of conjugation preceding spore formation. The vegetative cells 
are oval and of medium size. Spores were formed readily on plaster blocks, on McKelvey’s 
medium, and in old Sabouraud agar cultures. Practically all of the asci were of dumbbell 
shape, showing that conjugation had taken place; but one of the gametes was almost in¬ 
variably smaller than the other. The conjugation is therefore heterogamic. From two to 
four spores are formed, three being the most frequent number. The spores are round. This 
species differs from the described species in failing to produce fermentation of any of the 
sugars tried. In dextrose broth a sediment is formed, after some days a very thin incomplete 
pellicle develops. 

Nadsonia fulvesccns (fig. 2). This is quite the largest yeast encountered. The vegetative 
cells are of various shapes, but pear-shaped cells with a small nipple-like projection at one 
end, similar to those which occur at both ends in Ilansenia apiculata , are very numerous and 
characteristic. The protoplasm contains numerous fine highly refractile granules, very rarely 
a vacuole. The growth in young agar cultures is white and very mucoid in character. As 
the culture grows older the growth becomes tan and then gradually reddish brown; one strain 
became almost orange in color. This color change is evidence of spore formation. Guil- 
liermond (11) describes the spores as containing a large fat globule and having a roughened 
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membrane. The fat globules were found quite regularly, and in some cultures the outer 
lamella of the thick spore wall peeled off in places giving a very irregular contour. Spores are 
supposed to be the result of a heterogamic conjugation of a cell (macrogamete) with its bud 
(microgamete). A considerable number of the sporogenous cells showed an attached bud. 
Guilliermond (11), reports that this species slowly ferments several sugars, which was not 
found to be the case with any of these strains. But in morphological characters, in the 
color of the colonies, and in the characteristic development of white (non-sporogenous) 
sectors in old colonies it seems identical with Nadsoma fulvescens. This yeast was isolated 
from six different soils. 

Torulaspora sp. (fig. 3). The young cells are small and round, without granules and only 
occasionally showing a vacuole. The sporogenous cells are larger, contain a very prominent 
large fat vacuole, and in the majority of cases send out spurs which are looked upon as copula¬ 
tion tubes; in no case, however, was evidence of conjugation found. Only one strain was 
isolated, which gave a dull white growth on Sabouraud agar, and a heavy pellicle on dextrose 
broth, without fermenting any of the sugars. 

Saccharomyces sp. Two species of spore-forming yeasts producing an alcoholic fermenta¬ 
tion were isolated. These are designated A and B. 

Saccharomyces A. (fig. 4). The young cells are of medium size and oval. Nearly all 
contain a large vacuole with a “dancing body,” and numerous small granules and vacuoles. 
Spores were formed rather scantily on plaster blocks, fairly abundantly—two to four—on 
McKclvey’s medium. Agar slant cultures gave a rather restricted growth, moist and shiny, 
white at first but rapidly becoming brown. Only dextrose was fermented; this yeast there¬ 
fore belongs in the fourth sub-group of the genus. No pellicle was formed on liquid media. 
This species was isolated twice. 

Saccharomyces B. (fig. 5). The young cells are much larger and rounder than those of the 
preceding species, resembling S. cercvisiae. They also possess very large volutin vacuoles, 
and numerous small granules. Two to four spores are formed readily on plaster blocks, on 
McKelvey’s medium, and in old agar slant cultures in occasional cells. The growth on 
Sabouraud agar slant cultures is abundant, moist and white, remaining white for some weeks. 
In 5 per cent dextrose broth a very vigorous alcoholic fermentation with abundant gas is 
produced; no pellicle is formed. One strain of this species was found to produce 12 per cent 
alcohol. Sucrose is also fermented, but none of the other sugars tested is. It therefore 
belongs in the second sub-group of the genus. It was also isolated twice. 

Pichia sp. (fig. 6). The young cells are large, oval to sausage-shaped, and contain large 
vacuoles. Spores are formed readily in old cultures, on plaster blocks and on McKelvey’s 
medium. They vary from two to four in number, three being found most frequently. The 
spores are round and each contains a highly refractile fat globule characteristic of the spores 
of this genus. On Sabouraud agar an abundant spreading dry growth with a dull surface is 
formed. On dextrose broth a heavy dry scum imprisoning gas bubbles appears. Gas 
is produced abundantly but rather slowly with most strains. Sucrose is also fermented. 
This species, isolated from six different soils, could be readily recognized by the strong odor 
of banana oil (amyl acetate) produced in all cultures with fermentable sugars. This is so 
striking that the authors believe this species would have been recorded if it had been described 
previously. Sartory [quoted by Guilliermond (11)] has described a yeast much like Wittia 
satarna , isolated from banana leaves, which gave a banana odor. 

Willia anomala (fig. 7). This species was readily identified by the liat-shaped spores 
which were formed on McKelvey’s agar and on plaster blocks. The growth on agar was 
thinner than that of the preceding species; one strain showed a tendency to produce mycelium 
dipping down into the agar in old cultures, indicating the close relationship to Endomyces. 
On dextrose broth, a thin pellicle was formed and fermentation was rapid and abundant; 
sucrose and maltose were also fermented. All strains gave the characteristic ethyl acetate 
odor. This species was found three times. 
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Torula sp. The majority of the yeasts isolated fell in this genus, i.e., they failed to produce 
spores, or scums on liquid media, and for the most part gave no fermentation. The descrip¬ 
tions of the many species which have been referred to this genus are particularly incomplete 
and confusing. One species, Torula glutinis , was readily recognized by its characteristic 
pigment. The remaining varieties have been grouped together as species, but little attempt 
to identify them has been made because of the hopeless confusion in the literature. In addi¬ 
tion to those named, four different species were recognized which have been designated 
A, B, C, and D. 

Torula glutinis (fig. 8). Four strains of yeasts producing a red pigment were isolated from 
as many different soils. In morphological and cultural characters, these all proved identical 
with each other and with a strain of Torula glutinis , obtained from the American Type Culture 
Collection, also with a strain isolated from oysters which has been completely described by 
Hunter (20). In spite of considerable confusion in the literature on red yeasts, it is believed 
that these strains can be positively identified. The young cells are small and oval, and are 
relatively free from vacuoles and granules. In old cultures the cells contain a large fat 
globule. Agar slant cultures are abundant and very mucoid in character. After a time 
most of the growth slides to the bottom of the tube. In liquid media some turbidity and an 
incomplete ring pellicle are produced. No fermentation occurs with any of the sugars. 

Torula A . (fig. 9). This yeast was found but once. The cells vary in form, an elongated 
oval being the predominating type. Reproduction appears to be by a process intermediary 
between budding and fission, as in Saccharomycodes . The cells contain numerous small, 
highly refractile fat globules which increase in number with the age of the culture but show 
no tendency to coalesce. Agar slant cultures are somewhat restricted, smooth and white. 
In dextrose broth turbidity and sediment arc produced without fermentation. None of the 
other sugars were fermented. 

Torula B. (fig. 10). This was obtained from five different soils. The young cells are large 
and oval, with prominent volutin vacuoles and especially striking “dancing bodies” many of 
which are of the size and shape of "small bacilli. In older cultures the cells are smaller, and 
more variable both in size and form. Agar slant cultures are smooth and white. In 5 per 
cent dextrose broth a fairly rapid and abundant fermentation is produced. None of the other 
sugars is fermented. 

Torula C. (fig. 11). The cells are smaller than the preceding, and nearly round. Agar 
slant cultures are smooth and white. No fermentation occurs with any of the sugars. This 
yeast was isolated twice. 

Torula D. (fig. 12). In this group have been placed sixteen strains isolated from as many 
different soils, which showed some slight differences, but all of which were characterised by 
veiy small cells and practically no fermentation. The illustration is a composite field from 
young cultures of several different cultures, and shows the degree of variation in morphological 
characters. In some strains round cells were more numerous, in others elliptical ones, but 
in no case were these characters sufficiently prominent or constant to warrant making a new 
group. In old cultures in general the cells were more variable in size and form, and many 
contained large fat globules. Agar slant cultures are smooth and white. Twelve of the 
strains gave a very slow and slight fermentation of dextrose, the gas traps being half filled 
after about a week. Another produced acid from sucrose. Otherwise there was no 
fermentation. 


SUMMARY 

Yeasts were found in small numbers in 39 of 87 soil samples. There was no 
correlation between the occurrence of yeasts and the type of soil, the nature of 
the crop, or the season of the year. They were found in such small numbers 
and so haphazard in distribution as to indicate that they play no important 
part in soil transformations. 
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Forty-nine strains isolated fell naturally into twelve groups or species. Of 
these but three, Nadsonia fulvescens , Willia anomala , and Torula glutims, 
could be positively identified. The remaining strains were species of Zygo - 
saccharomyces , Torulaspora , Saccharomyces (two species), Pichia , and Torula 
(four species). 
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Plate 1. Twelve Species of Yeasts Found in Soils 


In figures 1 to 8, inclusive, the upper half shows the morphology in old cultures or cul“ 
tures from McKelvey’s medium for spores; the lower half shows the cells in young Sabou- 
raud agar cultures. In the remaining figures the entire field shows cells from a young 
culture. 


1. Zygo saccharomyces sp. 

2. Nadsonia fulvescens 

3. Torulaspora sp. 

4. Saccharomyces A. 

5. Saccharomyces B. 

6. Pichia sp. 


7. Willia anomala 

8. Tonda glutinis 

9. Tonda A. 

10. Torula B. 

11. Tonda C. 

12. Torula D. 
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The investigations of thermophilic bacteria by Barlow (1), Weinzirl (18), 
Donk (5), and Bigelow and Estey (3), have developed a new interest in this 
group of organisms because of their significance in the spoilage of canned 
foods. Thermophilic bacteria have a wide distribution in nature, and their 
isolation from water, sewage, snow, canned foods, milk, cotton, hay, manure, 
and soil has been reported by various investigators. As Morrison and Tanner 
(14) (15) have recently published a careful review of the literature dealing 
with thermophilic organisms, no historical resume of this group of bacteria 
will be presented. 

Since two important groups of food products are known to be subject to 
contamination by thermophilic bacteria, the natural habitat of this group 
takes on very considerable significance. The literature contains many refer¬ 
ences to isolations of thermophiles from various sources, but the descriptions 
of these organisms are so varied and incomplete as to render accurate classifi¬ 
cation and identification impossible. It is necessary, then, to select the proba¬ 
ble habitat of this group and study as many different species as possible, at 
the same time obtaining a complete and accurate cultural description of each. 
Only in this manner can the significance and importance of the g r oup be 
brought into its true position. Nearly all canned foods, as well as milk, are 
farm products and are intimately related to the soil. It is logical, therefore, 
to believe that the soil, which is known to contain large numbers of these 
organisms, is one probable source of the group. The following investigation 
was undertaken to determine the various types of thermophilic bacteria found 
in the soil and to obtain an exact cultural description of each of the species 
isolated. 

Twelve samples of the topsoil were collected from fields supporting various 
types of vegetative growth. • Topsoil was used because Globig found that the 
superficial layer of soil contained the maximum number of bacteria. The 
topmost two inches was scraped off and a small portion of exposed soil was 
collected in a test tube containing plain broth. No samples were collected 
from a depth of more than six inches. 

1 From the Department of Bacteriology of the School of Hygiene and Public Health. 
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The media for aerobic cultivation were prepared according to standard 
methods, whereas media usually employed for anaerobic cultivation were 
made by the methods suggested by Kahn (10). The media were inoculated 
from the growth on a 24-hour agar slant culture and the reactions were re¬ 
corded as recommended by the committee on the Descriptive Chart of the 
Society of American Bacteriologists (13). 

All the thermophilic organisms studied grew well at 55°C. and failed to 
grow at 37°C. when incubated for 28 days. They may therefore be regarded 
as obligate thermophilic bacteria. The cultures were all bacilli and were 
easily stained with gentian violet, carbol fuchsin, and methylene blue. Hang¬ 
ing-drop preparations, for the observation of motility, were made from pep¬ 
tone water cultures, incubated at 55°C. for 12 hours. Motility of the or¬ 
ganisms was more easily observed with the aid of the dark-field microscope. 
Without exception, the cultures isolated were motile. For staining flagella, 
Loffler’s and Plimmer and Paine’s methods (16) were employed repeatedly 
but without any definite results. 

The usual anaerobic media were employed in this investigation to observe 
proteolytic action and certain peculiar cultural characteristics. Cooked 
meat, brain, alkaline egg, and egg cube media were inoculated and incubated 
for 28 days at 55°C. 

McLeod and Gordon (12) have classified bacteria according to their sensi¬ 
tiveness to hydrogen peroxide and their production of catalase. The pro¬ 
duction of catalase by the cultures described in this paper was determined by 
scraping a platinum loop over the surface of a 24-hour culture and immersing 
it in a dilute solution of hydrogen peroxide. A rapid evolution of gas indicates 
the presence of catalase. McLeod and Gordon found that the great majority 
of aerobic bacteria produce catalase and it is of interest to note that all the 
aerobic thermophiles described in this study give this reaction. 

The cultures were not pathogenic for guinea pigs when injected subcutane¬ 
ously, intramuscularly, or intraperitoneally, or when fed by mouth. 

THERMAL DEATH POINT DETERMINATION 

For the determination of thermal death points in this investigation the 
method set forth by Bigelow and Estey (3) was followed with a few modifi¬ 
cations. Nutrient broth tubes were inoculated with pure cultures of the 
organism to be tested and incubated at S5°C. for 48 hours to insure good 
growth. The actively growing broth cultures were transferred to flasks con¬ 
taining 100 cc. of nutrient broth and incubated for 7 days at 55°C. and then 
for 2 days at 65°C. At the end of this incubation period the flasks w,ere 
heated to 90°C. for 30 minutes to kill any vegetative forms present, cooled 
immediately, and stored in the refrigerator to prevent the germination of 
spores. These broth cultures were centrifugalized and washed three times in 
sterile salt solution and again transferred to sterile flasks. The concentration 
of the washed spores was determined by plating out dilutions, and the stock 
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solutions were diluted, when necessary, to bring the concentration to 2,500,000 
spores per cubic centimeter of suspension. 

The tubes used for the thermal death point determination were of hard 
glass, averaging 153 mm. in length, 11 mm. inside diameter, and the wall 
0.9 mm. in thickness. They were soaked overnight in 0.1 N hydrochloric acid, 
rinsed thoroughly with distilled water, and sterilized in the autoclave with 
4 cc. of normal salt solution in each tube. These tubes were inoculated with 
1 cc. of the stock suspension of spores, sealed off to an average of 135 mm., 
and held at a low temperature until ready to be heated. 

A De Khotinsky electric bath containing “Crisco” was used to maintain a 
constant temperature. Before immersing the tubes in the oil bath, the 
temperature was raised two degrees above the temperature used for the test, 
to compensate for the loss due to the introduction of the tubes, and two 
minutes were allowed for the heat to reach the center of the tubes and for the 
temperature of the bath to become constant. When a temperature above 
130°C. was used, it was found necessary to immerse the tubes in a boiling 
water bath for one minute and allow for a 3-degree fall in the temperature 
when the tubes were introduced into the oil bath. 

After the initial change in temperature caused by the tubes was allowed for, 
the oil bath was found to remain constant over the period of heating. No 
greater rise or fall than 0.5° was observed. 

The thermal death point of the spores was determined as follows: 

The tubes containing the suspension of spores were held at the desired temperature for 
15 minutes and were then removed and placed in the refrigerator to cool rapidly. When 
cool, the salt suspensions were transferred to sterile broth tubes and incubated for 48 hours. 
The initial temperature used was 100 c C. and tests were made at every increasing 5° up to 
160°C. Sterility tests were made by inoculating agar slants with the broth cultures and 
examining for growth after 24 hours’ incubation. Tubes which were sterile were further 
incubated for 7 days, but it was found that 48 hours’ incubation was sufficient time for 
the vegetation of any viable spores that might have survived the heating. Throughout 
the thermal death point determination the media used were all carefully adjusted to neutral 
with brom cresol purple. 


SPECIFS ISOLATED 

Thermobacillus diastasius, nov. sp. 

Two cultures of the Thermobacillus diastasius , nov. sp. type were isolated. They are 
large, spore-forming rods with rounded ends and have a granular protoplasm when stained. 
The average dimensions of the rods are 6.0 by 1.0/*. The vegetative cells retain the gentian 
violet in the Gram stain. Oval spores are formed at the end of the bacillus and measure 
from 1.0 to 1.25/i in diameter. The cultures are actively motile. 

Acid fermentation but no gas was observed in dextrose, maltose, saccharose, salicin, and 
glycerin broth. These cultures failed to ferment lactose, starch, inulin, mannit, or dulcite. 
The tests for hydrogen sulfide and indol were negative, and nitrates were not reduced. No 
change was produced in meat, egg cube, brain, or alkaline egg. J.offler’s blood serum was 
liquefied after 3 days’ incubation and gelatin after 4 days’. Litmus milk was coagulated 
after 48 hours and the litmus decolorized with the exception of an acid zone, about 1 cm. 
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thick, in the upper portion of the medium. The growth on potato was abundant and 
spreading. 

Thermobacillus diastasius was not pathogenic for guinea pigs. 

The thermal death point of the spores was between 130° and 135°C. when exposed for 15 
minutes. 

Remarks. This bacillus is a true aerobic thermophile isolated from the soil. With the 
exception of the reduction of nitrates to nitrites, this organism corresponds to Bacillus 
therm odi astatic us, reported by Bergey. The description of Bergey’s organism is, however, not 
complete enough to identify this culture, since he does not include carbohydrate reactions, 
which are distinctive cultural features of this species. 

Thermobacillus vulgaris, nov. sp. 

Two cultures of the Thermobacillus vulgaris , nov. sp. type were isolated. The organism 
is rod-shaped with rounded ends and granular protoplasm, and is actively motile. The 
bacillus averages 3.0 by 0.48/u. The vegetative cells are Gram-negative and form long 
chains composed of from 2 to 10 members. Spores are readily formed at the end of the 
rod. 

On plain agar slants the growth of this organism was moderate or slight, spreading, flat, 
and smooth. In nutrient broth there was a slight haze or cloudiness, but no pellicle forma¬ 
tion or sediment. 

This culture did not ferment dextrose, maltose, lactose, saccharose, salicin, starch, ipulin, 
glycerin, mannit, or dulcite. Nitrates were not reduced, nor was hydrogen sulfide or indol 
formed. No change m meat, brain, egg cube, alkaline egg, blood serum, or milk was noted. 
Gelatin was liquefied only after 28 days’ incubation. 

Cultures of this organism were not pathogenic for guinea pigs. 

The thermal death point for this organism is between 120° and 125°C. for 15 minutes. 

Remarks. Morphologically this organism is similar to Bacillus nondiasticus described by 
Bergey. The organism reported by Bergey does not liquefy gelatin but reduces nitrates to 
nitrites and produces a slight acidity in milk. Thermobacillus vulgaris liquefies gelatin, does 
not reduce nitrates or alter litmus milk medium. 

Thermobacillus digestans , nov. sp. 

Four cultures of Thermobacillus digestans , nov. sp. type were isolated. This bacillus has 
rounded ends and granular protoplasm, with average dimensions of 5.6 by 0.8/i. The vege¬ 
tative cell is Gram-negative and often forms short chains. The spores are oval and are 
located sub-terminally in the rod. Active motility. 

An abundant, spreading, flat, glistening, and smooth growth was observed on plain agar 
slants. In nutrient broth a heavy pellicle was formed which settled to the bottom after 
48 hours. 

This organism fermented dextrose, maltose, and mannit with the production of acid but 
no gas. There were no changes in lactose, saccharose, salicin, starch, inulin, glycerin, or 
dulcite. Nitrates were reduced to nitrites in 24 hours and there was an evolution of free 
nitrogen gas. No hydrogen sulfide or indol was produced. In cooked meat medium this 
organism produced a slow but definite digestion, reducing the volume of meat particles by 
one half after 28 days* incubation, but without a foul odor. No amino acid crystals were 
formed after 28 days’ incubation. In egg cube medium the albumen showed translucent 
areas after 2 days’ incubation and was completely translucent after 7 days. This cannot be 
regarded as a true digestion, however, as the cube retained its original size and the edges 
were well defined throughout the entire period of observation. 

In brain and alkaline egg no alteration in the medium was observed. Blood serum was 
partially liquefied, and after 48 hours a tube containing 30 cc. of gelatin was completely 
liquefied. Milk was coagulated with complete digestion after 7 days. 
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This culture produced no pathological changes when injected into a guinea pig. 

The thermal death point lies between 145° and 150°C. lor 15 minutes. 

Remarks. No organism described by other investigators appears to have cultural reac¬ 
tions similar to those of this thermophile. MacFadyen and Blaxall (11) and Dupont (6) 
report the isolation of thermophilic bacteria which were proteolytic in character, but give no 
further description. Thermobacillus digestans is a true aerobic thermophile, which exhibits 
proteolytic activity. 


Thermobacillus reductans, nov. sp. 

Two cultures of the Thermobacillus reductans , nov. sp. type were isolated. This bacillus 
has rounded ends and a granular protoplasm, measures 3.0 n in length by 0.6/x in width, and 
is Gram-positive and actively motile. The spores are terminal or svbterminal and are 
oval. 

The growth on plain agar slants was abundant, spreading, glistening, flat, and smooth. 
Nutrient broth cultures were cloudy, but there was no pellicle formation. 

Dextrose, maltose, saccharose, salicin, and starch were fermented, with the production of 
acid but no gas. No change in the H-ion concentration was observed in lactose, inulin, gly¬ 
cerin, mannit, or dulcite. Nitrates were reduced to nitrites, but no hydrogen sulfide or indol 
was formed. There was no alteration in meat, egg cube, brain, or alkaline egg medium. 
Gelatin and Loiher’s blood serum were slowly liquefied. Litmus milk was acidified and 
coagulated with a slowly progressing peptonization until the medium became translucent. 

This organism was not pathogenic for guinea pigs. 

The thermal death point for this culture lies between 135° and 140°C. at 15 minutes’ 
exposure. 

Remarks. Thermobacillus reductans is an aerobic thermophilic organism isolated from 
soil. In some few respects it corresponds to Bacillus thermoindifferens, described by Weinzirl 
(18). However, the organism described by Weinzirl does not reduce nitrates and grows 
equally well between 20° and 55°C. The culture described above reduces nitrates to nitrites 
and has a minimum temperature of growth at 40°C. 

Thermobacillus restatus , nov. sp. 

Three cultures of the Thermobacillus restatus , nov. sp. type, having the same morphology 
and exhibiting identical reactions, were isolated. This sporeforming bacillus averages 1.6 
by 0.8^ in size and is Gram-positive and actively motile. The spores, when present, are oval 
and usually situated sub terminally. 

On plain agar slants the growth was abundant, spreading, flat, glistening, and smooth. 
No scum was formed in broth, but a veil-like sediment w T as found at the bottom of the tube. 

There was no gas produced by this culture in carbohydrate media, but dextrose and mal¬ 
tose were fermented with the production of acid. Nitrates were not reduced and this culture 
did not break down peptone to produce indol. On lead acetate agar this organism showed a 
black growth, which indicated the production of hydrogen sulfide. In meat, egg cube, 
brain, alkaline egg, blood serum, gelatin, and milk media no change was observed. 

This organism was not pathogenic for guinea pigs. 

At 15 minutes* exposure the thermal death point of this organism lies between 150° and 
155°C. 

Remarks . Blau (4) isolated a thermophile, Bacillus robustus , which corresponds in some 
respects to Thermobacillus restatus . He fails, however, to observe the action on nitrate and 
several other media, and does not record the production of hydrogen sulfide. It is therefore 
impossible to make an exact comparison of Bacillus robustus and Thermobacillus restatus to 
establish their identity. 
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Thermobacillus ruber , nov. sp. 

Thermobacillus ruber , nov. sp. has rounded ends and granular protoplasm, is Gram-posi¬ 
tive, and the spores are oval and are situated at the end of the rod. It is actively motile and 
the average dimensions are 4.0 by 0.6/*. 

In plain nutrient media this organism grew well. Acid but no gas was formed in dextrose, 
maltose, saccharose, salicin, starch, glycerin, and mannit. Lactose, inulin, and dulcite 
were not fermented. Nitrates were not reduced and there was no production of hydrogen 
sulfide or indol. In cooked meat and brain a deep pink color was produced but no further 
change, lilood serum was not liquefied, but a pink pigment was produced by the growth of 
this organism. No change in egg cube, alkaline egg, gelatin, or milk medium was noticed. 

This organism was not pathogenic for guinea pigs. 

The thermal death point for this organism for 15 minutes lies between 135° and 140°C. 

Remarks. So far as the writer is aware, there is no thermophile described in the litera¬ 
ture which is similar to this organism. It is true, however, that former workers did not 
employ the media on which Thermobacillus ruber produces its characteristic pink pigment. 
On plain agar or infusion agar this culture did not elaborate any coloration, but in meat, 
brain, and blood serum a definite pink pigment was formed within 48 hours. 

Thermobacillus alcalinus, nov. sp. 

Four cultures of the Thermobacillus alcalinus , nov. sp. type were isolated. The bacillus 
was Gram-negative, motile, with an average dimension of 6.4 by 0.8/*. The spores are 
round, located terminally and frequently sublerminally. 

The growth on plain agar slants was abundant, spreading, flat, glistening, and smooth. 
Nutrient broth was cloudy but no pellicle was produced. 

Acid without gas was formed in dextrose, maltose, saccharose, salicin, starch, and mannit. 
Lactose, inulin, glycerin, and dulcite were not fermented. Nitrates were not reduced, gela¬ 
tin and blood serum were not liquefied, and there was no production of hydrogen sulfide or 
indol. No change in meat, egg cube, brain, alkaline egg, or milk was observed. 

This organism was not pathogenic for guinea pigs. 

The thermal death point for a definite concentration of spores of this culture, exposed for 
15 minutes, lies between 125° and 130°C. 

Remarks. Thermobacillus alcalinus is a true aerobic thermophile isolated from soil. Wein- 
zirl described an organism, which he called Bacillus aerothermophilus , that was in some re¬ 
spects similar to this organism. Weinzirl’s organism did not reduce nitrates and fermented 
dextrose, sucrose, and mannitol, but litmus milk was reduced, while Thermobacillus alcalinus 
produced no change in this medium. 

Thermobacillus violaceus , nov. sp. 

Four cultures of the Thermobacillus violaceus, nov. sp. type were isolated. They were 
all Gram-negative, motile, spore-forming bacilli, averaging 3.0 by 0.8/*. The growth on 
agar slants was spreading, flat, glistening, and smooth. Growth in nutrient broth was 
characterized by cloudiness, present at the end of 12 hours. 

Acid was formed in dextrose and saccharose media, but vio gas was evolved. No fermenta¬ 
tive action was detected on maltose, lactose, salicin, starch, inulin, glycerin, mannit, or dul¬ 
cite. Nitrates were not reduced to nitrites and this culture produced no hydrogen sulfide 
or indol. Meat, egg cube, brain, and alkaline egg media were not altered by this culture. 
Gelatin was liquefied after 48 hours and blood serum showed a slight liquefaction after 7 
days’ incubation. Litmus milk was not coagulated, but the medium became deep purple, 
which was distinctly different from lhat of the control tube. 

This organism was not pathogenic for guinea pigs. 
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The thermal death point of this culture was between 135° and 140°C. when exposed for 
15 minutes. 

Remarks. Thermobacillus violaceus is an aerobic thermophilic organism isolated from 
soil. In some few respects it corresponds to bacillus thcrmoalimentophilus, described by 
Weinzirl. However, the organism isolated by Weinzirl reduced nitrates to nitrites and pro¬ 
duced no acid in carbohydrate media. 

Thermobacillus linearius } nov. sp. 

Five cultures of the Thermobacillus linear ius, nov. sp. type were isolated. The bacilli 
are actively motile, Gram-positive, appear singly in the smears, and average 4.0 by 0.8//. 
Spores are round, usually terminal, and slightly greater in diameter than the sporangium, 
causing a bulging of the rod. 

On plain agar slants the growth was heavy, spreading, glistening, opaque, and smooth. 
Broth cultures were cloudy, with a slightly mucoid sediment, but no pellicle was observed. 

Acid was formed from dextrose, maltose, saccharose, salicin, inulin, glycerin, and mannit, 
while lactose, starch, and dulcite were not fermented. Nitrates were not reduced and there 
was no production of hydrogen sulfide or indol. No definite alteration of meat, egg cube, 
brain, or alkaline egg media was produced. Blood serum and gelatin were not liquefied 
and no change in milk was observed. 

An actively growing broth culture of this organism was not pathogenic for guinea pigs. 

The thermal death point for a definite concentration of spores for 15 minutes’ exposure 
lies between 135° and 140°C. 

Remarks. This organism is in some respects similar to Bacillus thermolranslucens , de¬ 
scribed by Bergey (2). The description of Bergey’s organism is, however, not complete 
enough to identify this culture, since he does not include carbohydrate reactions, which are 
distinctive features of this species. 

Thermobacillus calenalus t nov. sp. 

The two cultures of Thermobacillus catenatus, nov. sp. that were isolated are bacilli with 
rounded ends and granular protoplasm. The vegetative cells are Gram-negative, motile, 
and measure 3.0// in length by 0.8 in diameter. Spores, when present, are oval and termi¬ 
nally located. 

On plain agar slants the growth of this organism was abundant, definitely spreading, 
flat, glistening, opaque, and smooth. Broth cultures were cloudy, with a thin, semitrans¬ 
parent film after 24 hours. Neither acid nor gas was formed from any of the carbohydrates 
used. Nitrates were not reduced. Hydrogen sulfide was produced, as indicated by a black 
growth on lead acetate agar. Indol was produced by this culture, but was only demon¬ 
strated by distilling off the indol, as suggested by Gor6, Meat, egg cube, brain, and alkaline 
egg were not altered by this culture. Loffler’s blood serum, after 4 days, was slowly lique¬ 
fied, and gelatin, after 48 hours. Litmus milk was first coagulated and then slowly pep¬ 
tonized. 

This culture was not pathogenic for guinea pigs. 

The thermal death point of this culture lies between 135° and 140°C. when exposed for 
15 minutes. 

Remarks. This organism cannot be correlated with any description of thermophilic 
bacteria reported in the literature. Morrison and Tanner (14) reported the isolation of 52 
cultures of thermophiles from water, all of which produced indol, but their descriptions are 
not complete enough to identify this culture. 
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DISCUSSION 

The motility of this group of organisms presents some interesting considera¬ 
tions. It is generally believed that bacilli are motile through the lashing 
action of delicate, whiplike appendages called flagella. The sinuous or worm¬ 
like motility seen among the spirochaetes has never been observed in cultures 
of bacilli, and the active movement of a rod-shaped organism has come to be 
regarded as evidence of the presence of flagella. These delicate organs of 
locomotion do not take the ordinary dyes, and a variety of special staining 
methods have been devised for their demonstration. The technique employed 
is very exact, since the flagella are easily broken off from the cells and become 
lost in the surrounding medium. The methods of Loffler and Plimmer and 
Paine (16) were employed in attempts to stain any flagella present on the 
thermophiles studied in this investigation. Careful control of the technique 
was obtained by staining the peritrichic flagella on Bacillus coli. Both 
methods were equally successful, as the flagella of Bacillus coli were plainly 
seen under the microscope. When applied to the thermophiles under the 
same conditions, however, both methods failed to demonstrate flagella, either 
attached to the bacilli or broken off and free on the microscope slide. There 
may be some difference in the chemical composition of the flagella of thermo¬ 
philes, because of their adaptation to growth at high temperatures, which 
makes the usual staining methods valueless. There is the possibility, however, 
that the motility of these organisms is not due to flagella but to some peculiar 
contractile property of the cytoplasm. Although the bacilli appeared rigid 
when examined in living preparations under the dark-field microscope, the 
internal arrangement of the cells could not be seen. When bacilli with 
flagella are examined under the dark-field, frequent peculiar flashes of light 
are caused by the rapid vibration of the flagella. This phenomenon was 
never observed in the examination of any of the thermophiles studied. The 
cause of motility in these cultures must, therefore, remain undetermined for 
the present. 

MacFadyen and Blaxall (11) isolated from various sources several thermo¬ 
philic bacteria, which grew at a temperature between 60° and 65°C.; their 
most marked property was the decomposition of protein bodies. Dupont 
isolated from manure a thermophilic bacterium which he described as being 
proteolytic in character. In this investigation Thermobacillus digestans 
shows a slow but definite proteolytic action. Gelatin and blood serum are 
liquefied, cooked meat medium is digested but no putrefactive odor is detected, 
and coagulated egg albumen is made translucent by the action of this 
organism. 

Rettgcr (17), in his investigation on putrefaction, concludes that it takes 
place only under strictly anaerobic conditions, that it is always accompanied 
by the production of a foul odor, and that its end products are substances 
such as mercaptans. For example, Bacillus sporogenes, an obligate anaerobe, 
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when grown in cooked meat medium, alkaline egg, or egg cube medium, 
causes the dissolution of these substances, giving rise to foul-smelling gases. 
In contrast to this reaction, the apparent decomposition of the medium by 
aerobic bacteria is never accompanied by foul odors nor a reduction in the 
bulk of the protein substances included in the medium. 

On the other hand, other investigators maintain that liquefaction of gelatin, 
blood serum, or of coagulated milk is an indication of proteolytic activity. 

The action of Thermobacillus digestans on egg cube medium is also of partic¬ 
ular interest. When incubated in this medium for 7 days at 55°C. the tube 
of coagulated albumen became perfectly translucent. This type of reaction 
suggested the possible presence of an extracellular enzyme liberated by the 
bacilli. Filtration experiments already described were negative, however, 
since the sterile filtrate of an actively growing culture in egg cube medium 
failed to produce translucency of the egg cube in the complete absence of the 
bacteria. It seems evident that this reaction takes place only when the 
culture is growing in the medium. A similar reaction on this medium is 
produced by certain anaerobes. Thus Bacillus botulinus y after 3 days’ incuba¬ 
tion at 37°C., produces gas in egg cube medium, but the cube is two*thirds 
digested, whereas the remaining portion is rather translucent. Likewise the 
anaerobes Bacillus putrificus and Bacillus bifermcntans , as described by Kahn 
(10), produce a translucency of the egg cube, but there is also a digestion, as 
indicated by the fact that the edge becomes scalloped. Thermophilus diges¬ 
tans produces a complete translucency of the egg cube, but even after 28 
days’ incubation at 55°C. the edges are well defined and there is no indication 
of digestion. 


CONCLUSIONS 

1. The biological and cultural activities of ten aerobic, spore-forming, 
motile, obligate thermophiles are described. 

2. The optimum temperature for growth falls between 50° and 60°C. 
Growth does not take place below 40°C. and ceases when the temperature is 
raised to 80°C. 

3. The thermal death point for a definite concentration of spores varies 
with each species. The limits lie between 125° and 155°C. for 15 minutes. 

4. One aerobic obligate tbermophile is described which exhibits proteolytic 
action. 

5. The cultures are not pathogenic for guinea pigs. 
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INTRODUCTION 

In studies of the soils of American forests, little attention usually has been 
devoted to the forest floor, or to the part of this known as leafmold, as dis¬ 
tinct from the immediately underlying five or six inches of soil. This is 
because most of such soil studies have been made from a strictly agricultural 
viewpoint and not from that of either forestry or soil science. Where the 
timber has been cut off, and the land used as a pasture for some time before 
removing the stumps, the layer of leafmold has usually become thin and 
firmly bound by the grass roots to the mineral matter below. When the 
sod is plowed, whether or not this has been preceded by the removal of all the 
stumps, the leafmold is turned under and whatever plant nutrients and soil 
ameliorating materials it carries become integral parts of the surface soil. 
Even if the original forest trees still remain at the time of sampling, or if 
there should be a second growth of trees and brush, a great change in the 
forest floor may take place before the land is plowed. 

The term forest floor is here used “to designate only the deposits of vege¬ 
table matter on the ground in a forest” as proposed in 1917 by a committee 
on forest terminology of the Society of American Foresters and of the Canadian 
Society of Forest Engineers (2, p. 78) which further proposed three subdivisions 
of the forest floor: 

1. Litter —the upper, but slightly decomposed, portion of the forest floor; 

2. Leafmold, or humus —the portion in which decomposition of the litter is so far ad¬ 
vanced that its original form is not distinguishable (2, p. 82); 

3. Duff —an intermediate layer of more or less decomposed organic matter between the 
litter and the leafmold. 

The term humus , already so variously used by soils investigators, does not 
appear to the authors as satisfactory as the already well established synonym 
—leafmold (2, p. 85). 

1 Published with the approval of the Director as Paper No. 614 of the Journal Series of 
the Minnesota Agricultural Experiment Station. 

* Formerly Research Assistant, Division of Soils, Minnesota Agricultural Experiment Sta¬ 
tion; now Research Associate at Michigan State College of Agriculture and Applied Science. 
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The data presented in this paper were secured in a study of virgin forest 
soils compared with virgin prairie soils of the same age, both developed on 
the same calcareous glacial drift—the till plains of the Late Wisconsin glacia¬ 
tion. In this, the authors took extreme precautions, both to select for sampling 
only those woods which were most nearly virgin and to separate sharply the 
leafmold layer from the underlying mineral soil, the first foot of which was 
sampled in three-inch sections. 

With the more or less disintegrated plant debris were included whatever 
fallen leaves and small woody fragments were present, but all living plants 
that might be within the selected squares were rejected. Thus the term 
forest floor is used in the narrow sense of “Waldstreu,” as defined by Ramann 



Fig. 1. Map of Minnesota Showing Locations of Woods Sampled 

(5, p. 462), and not in its wider sense, which would include the soil cover 
and accordingly the low-growing plants which occur under the protection of 
the forest. 

The samples were collected in August and September, 1916, from nine 
wooded fields; three near Hamel, three near Taylors Falls, and three near 
Mizpah (table 1). The fields of the first group lie about 20 miles west of St. 
Paul and remain from the deciduous forest known as the Big Woods of Min¬ 
nesota. Those of the second group are about 40 miles northeast of St. Paul, 
lying at the eastern edge of the state, and form remnants of a forest very 
similar to the Big Woods. The Mizpah group is about 200 miles north of 
St. Paul and well within the coniferous forest (fig. 1). 
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TABLE 1 

Location of woods sampled 


GROUP 

FIELD 

NUMBER 

RANGE, 

WEST 

TOWNSHIP, 

NORTH 

SECTION 

PART OF SECTION 

| 

I 

23 

118 

2 

SEi of NEi 

Hamel. \ 

II 

23 

119 

16 

NEi of SE} 

1 

III 

24 

119 

25 

SEJ of NWi 

[ 

I 

19 

34 

22 

SWi of SEi 

Taylors Fails.s 

II 

19 

34 

10 

SWi of SWi 

l 

III 

19 

35 

31 

NWi of NWi 

\ 

I 

27 

152 

30 

NEi 

Mizpah. \ 

II 

27 

152 

10 

NEi 

l 

III 

28 

151 

10 

E* 


TABLE 2 

Climatological data 


GROUP 

APPROXIMATE 
EL£\ ATION 

LENGTH OF 
RECORD 

LENGTH OF 
GROWING 
SEASON 

Winter 

IF. AN I 

(X) 

c 

•R 

w 

Summer § 

» 

1ATURE 

X 

« 

£ 

•4 

*t 

P 

o 

F; 

cn 

PRECIPITATION 


feet 

years 

days 

°F. 

°F. 

°F 

°F. 

°F 

inches 

inches 

Hamel*. 

1,000 

34 

150 

16 

44 

70 

48 

45 

44 

28.39 

Taylors Falls) . . 

950§ 

34 

140 

12 

42 

67 

45 

42 

52 

31.46 

Mizpahf. 

1,400 

38 

100 

8 

38 

65 

42 

38 

50 

25.33 


* Record from Minneapolis, 13 miles distant, 
t Record from Grantsburg, Wis., 30 miles distant, 
t Record from Winnibigoshish, 35 miles distant. 

5 Approximate elevation of woods and not of the U. S. Weather Bureau station, which 
is in the St. Croix Valley and only 759 feet above sea level. 

At Hamel and Taylors Falls the climate is much alike, whereas at Mizpah 
both the temperature and rainfall are lower, the growing season is much 
shorter and the duration of the snow cover is much longer (table 2). 


CHARACTER OF FOREST GROWTH 

The woods at Hamel and Taylors Falls either belong to the maple-basswooa 
type of forest or form a transition from this to the oak-maple type, whereas 
those at Mizpah belong to the spruce, balsam-birch type (4). 

Hamel group 

Of the Hamel group, I was the most nearly virgin, only a few trees having 
been removed from it. Hard maples (Acer saccharum) were the most nu- 
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merous trees, with some red oak {Quercus rubra) , bur oak {Quercus macro - 
car pa), and basswood ( Tilia americana) and a few elm ( Ulmus americana) 
and ash. Considerable undergrowth of young maples and a few ferns were 
present but there was no grass. Field II, five miles northwest of the pre¬ 
ceding, showed more alteration; scattered tufts of grass were present but these 
were avoided in sampling. Hard maples and elms were most numerous, with 
some basswood, red oak, and a very few butternut trees ( Juglans cinerea). 
There was about as much undergrowth as in I, consisting of young maples 
and elms with a few ferns. From III, which lay to the west of the others and 
about 5 miles from each, still more trees had been removed. Although 
somewhat more grass was present, the most of the forest floor showed none. 
Samples were taken only from grass-free sites. About 90 per cent of the 
trees were hard maples, with elms next in number. The general character of 
the interior of the Hamel woods may be seen from plate 1, showing II and III. 

Taylors Falls group 

The most nearly virgin wood in the Taylors Falls group was I, in which 
basswoods predominated, with many butternuts and smaller numbers of 
bur oak, white birch {Betula papyrifera ), and poplar {Populus tremuloides ). 
Many small elms were present and ferns were numerous. Wood III appeared 
almost as nearly virgin as I; very little grass was observed and only three 
large stumps were found in the six acres. About 80 per cent of the trees 
were hard maples and the remainder basswood, except for a [few elms and 
butternuts and a very few large white oaks {Quercus alba). Ferns were 
abundant (plate 1). More grass and large stumps were found in II than 
in the others. In it also the trees were mostly hard maples, with a considera¬ 
ble number of basswood and a few white birch; the undergrowth included 
ferns and many young elms. 


Mizpah group 

In the Mizpah group the conifers predominated. Field I was occupied by 
balsam {Abies balsamea) and spruce, with a few white birch; no trees had been 
cut. From II, in which white cedars {Thuja occidentals) were most numerous 
along with fewer balsam and some white birch, some of the larger cedars had 
been removed. In III the trees were chiefly balsam, many of them small, 
with a few spruce, white birch, white cedar, and balsam poplar {Populus 
balsamifera ). The forest floor was thicker in this wood than in any of the 
eight others. 

METHODS OF SAMPLING AND ANALYSIS 

As criteria of the degree of virginity of the forest, in selecting the woods for 
sampling, the forest floor, the amount of grass, the presence of undergrowth, 
evidences of forest fires in the past, and the extent to which trees had been 
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removed, as indicated by the stumps, were considered. After a wood had 
been definitely decided upon, a level uniform area within it was chosen for 
the actual sampling. 

In order to determine the weight of the forest floor per unit area and to 
secure samples for analysis, a square wooden form similar to an ordinary 
picture frame, with inside dimensions of exactly 12 by 12 inches was used. 
This was placed on the ground and any living plants within it were cut off 
and thrown away. Then with a sharp knife, a square foot section of the 
floor was carefully separated from the underlying mineral soil and placed in a 
sack. From 5 to 10 such samples were taken in each wood, the exact number 
depending upon the uniformity in thickness of the forest floor. The com¬ 
posite sample was well mixed and weighed, and a weighed portion of it saved 
for a moisture determination at 100°C. The rest was later dried and 
thoroughly ground before being used in the laboratory studies. 

In the case of each sample the authors determined the moisture equivalent 
at 1000 times gravity, nitrogen by the Kjeldahl-Gunning method, volatile 
matter by prolonged ignition at dull redness and acidity by the Truog method. 
For the organic carbon and phosphoric acid, composites prepared from*equal 
weights of the samples from the three woods in each group were used. The 
organic carbon was determined by mixing the dried material with copper 
oxide and burning in a current of oxygen, and the phosphoric acid by igniting, 
extracting the resulting ash with aqua regia and using this extract for pre¬ 
cipitation. 

For comparison with the forest floor, tables 3, 4, and 5 show some data on 
the underlying 6 inches of soil. In all the woods this was sampled in two sec¬ 
tions 1 to 3 and 4 to 6 inches. In the Hamel and Taylors Falls groups the 
density of each of the two sections was determined (3). In arriving at the 
values for the 6 inches, such data as the amount of nitrogen and of volatile 
matter in each of the two sections have been computed separately and the 
sum of the two used instead of multiplying the average weight per acre—6 
inches by the average percentage of nitrogen or of volatile matter. This is 
necessary in order to secure correct values, because the first 3-inch section is 
much less dense than the second while much richer in nitrogen and organic 
matter. 

In the computations of the data for Mizpah woods, in which no density 
determinations were made, the averages of the densities found for the first 
and second sections in the Hamel and Taylors Falls woods were used. 

AMOUNT AND CHARACTER OF FOREST FLOOR 

Amount 

The quantity per unit area varies greatly from wood to wood, at Hamel 
from 0.58 to 1.28 pounds of oven-dry material per square foot, at Taylors 
Falls from 0.90 to 0.96, and at Mizpah from 1.07 to 4.44. The first is equiva- 



TABLE 3 

Amount , properties , and composition of forest floor compared uith underlying 6 inches of soil 



Hamd. None None None Slight Slight Slight 

Taylors Falls. None None None Slight Slight Slight 

Mizpah. Slight Slight Slight Very Slight None 

slight 
























Volatile matter, in per cent 
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TABLE 4 

Weight of forest floor and various constituents 
Pounds per acre 



WOOD I 

WOOD 11 

WOOD III 

AVERAGE 

Weight of dry forest floor 

Hamel. 

50,094 

40,511 

60,548 

55,757 

41,818 

46,609 


m 

Taylors Falls. 

Mizpah. 



Volatile matter 


Hamel. 

25,949 

31,948 

15,816 

24,200 

Taylors Falls. 

25,198 

26,680 

24,424 

25,434 

Mizpah. 

48,862 

35,609 

119,138 

67,870 


Nitrogen 


Hamel. 

765 

878 

444 

696 

Taylors Falls. 

752 

727 

713 

731 

Mizpah. 

1,145 

722 

2,847 

1,571 


Nitrogen in surface 6 inches of soil 


Hamel.r. 

2,823 

2,730 

2,319 

2,624 

Taylors Falls. 

2,104 

2,265 

2,141 

1 2,170 

Mizpah. 

913 

613 

828 

785 


Nitrogen in forest floor and surface 6 incites of soil together 


Hamel. 

3,588 

3,608 

2,763 

3,320 

Taylors Falls. 

2,856 

2,992 

2,854 

2,901 

Mizpah. 

2,057 

1,335 

3,675 

2,356 


Proportion of above nitrogen carried in the forest floor , expressed as per cent 


Hamel. 

21.3 

24.3 

16.1 

Taylors Falls. 

26.3 

24.3 

25.0 

Mizpah. 

55.6 

54.1 

77.5 



Phosphoric acid 



HAMEL 

TAYLORS FALLS 

MIZPAH 

a. In forest floor. 

135 

125 

304 

b. In surface 6 inches of soil* . 

1799 

1853 

999 

c. In forest floor and surface soil. 

1934 

1978 

1303 

d. Percentage of whole present in forest floor... 

6.9 

6.3 

23.3 


* Total amount as determined by ordinary rock analysis. 
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lent to 12.6 tons and the last to 96.7 tons per acre. The average for the 
Hamel and Taylors Falls woods is 21.0 tons per acre. Although the average 
is higher for Mizpah than for either of the other groups, there was Jess forest 
litter in II at Mizpah than in either I or II at Hamel, the high average being 
due to the very thick floor in III. 


Color 

The forest floor showed a brownish color at all three places but with a red¬ 
dish tint at Mizpah and a gray one at Hamel. 


TABLE 5 

Organic carbon and phosphoric acid in the forest floor and the underlying 6 inches of soil 




HAMEL 

TAYLORS 

FALLS 

MIZPAH 

Organic carbon: 

a. In forest floor. .... 

per cent 

30.77 

33.15 

39.47 

b. In surface soil . 

. per cent 

2.66 

2 25 

0.85 

Organic matter, computed (organic C x 1.724): 





a. In forest floor. 

. per cent 

53 10 

57.10 

68.10 

b. In surface soil . 

. per cent 

4.58 

3.88 

1.46 

Ratio of volatile matter to organic carbon: 





a. In forest floor. 


1 86 

1.89 

1.85 

b. In surface soil . 


2.25 

2.39 

3.26 

Ratio of organic carbon to nitrogen : 





a. In forest floor. 


19.0 

18.4 

24.1 

b. In surface soil. 


13.1 

12.3 

13.5 

Ratio of volatile matter to computed organic matter: 
a. In forest floor. 

1.1 

1.1 

1.1 

b. In surface soil. 


1.3 

1.4 

1.9 

Phosphoric acid (P*C>6): 





a. In forest floor . 

.. per cent 

0.309 

0.309 

0.303 

b. In surface soil. 

.. per cent 

0.125 

0.140 

0.060 

Ratio of organic carbon to phosphoric acid: 





a. In forest floor . 


100 

107.0 

130.0 

b. In surface soil... 


21 

16.0 

14.0 


Acidity 

The Hamel and Taylors Falls floors showed no acidity and those from 
Mizpah but little. However, it should be pointed out that all were from 
woods in which the underlying surface soil showed very little acidity 
(table 3). • 


Volatile matter 

The volatile matter in the samples, as collected, varied from 51.8 to 80.7 
per cent, with an average of 57 at Hamel, 63 at Taylors Falls, and 73 at 
Mizpah. It is of interest that the sample from the Mizpah wood that showed 
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much the greatest weight per unit area also carried much the highest propor¬ 
tion of mineral matter. This provides a good illustration of the importance 
of determining the volatile matter, as well as the dry weight per unit area, 
in order to compare the amounts of organic matter found in different woods or 
reported by different investigators. When one, in attempting to include the 
last trace of leaf mold, scrapes off the mineral soil very closely, he is apt to 
include so much of the latter that the proportion of volatile matter will be 
appreciably lowered. 

On account of the influence of the included mineral soil upon the composi¬ 
tion of the samples—the proportion of this differing with different workers 
and from time to time—it is desirable to express the percentages and weights 
on the basis of the volatile portion as well as of the whole of the forest floor. 

HA MEL TA YL ORS FALLS MtZPAH 

Wood 1 Woods Wood III Wood/ Woods WoodlH Wood I Woodtt Wood IS 



Fig. 2. Amount of Nitrogen per Acre in the Forest Floor and in the Underlying 6 

Inches of Soil 

* Nitrogen 

Nitrogen varied from 1.47 to 1.89 per cent, both extremes being found in 
the Mizpah group. Computed for the volatile portion, the nitrogen varies 
from 2.02 to 2.99 per cent, averaging much alike at Hamel and Taylors 
Falls—2.83 compared with 2.87 per cent—but being considerably lower in 
the Mizpah woods—varying from 2.02 to 2.39 per cent. In the surface 6 
inches of soil the percentage of nitrogen is only from one-seventh to one- 
thirty-fourth as high as in the overlying forest floor. 

The amount per acre of nitrogen in the floor varies from 444 pounds in HI 
at Hamel to 2847 in III at Mizpah (fig. 2). Although the highest two 
values occur at Mizpah and the lowest at Hamel, the other six are very sim¬ 
ilar. A corresponding variation is to be observed in the amounts per acre of 
volatile matter. When the total amount of nitrogen contained in the floor 
and in the surface 6 inches of soil is considered, it is seen that in the deciduous 
woods the former carries only from 16 to 26 per cent but in the coniferous forest 
from 54 to 77 per cent. Accordingly the complete burning of the forest floor 
in one of the southern woods would liberate only about one-fifth of the total 
amount of nitrogen present, but in the northern forest, half or more, thus 
making the loss far more serious, provided that the nitrogen in both were at 
once, or eventually became, equally available, an assumption unproved but 
still quite probable. 
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Organic carbon 

Organic carbon is highest—39.47 per cent— in the floor at Mizpah, and 
lowest—30.77—in that from Hamel, although the average nitrogen content 
in these two groups is practically alike. The organic matter, computed from 
the organic carbon, amounts to 68.1 per cent in the Mizpah litter, compared 
with only 53.1 at Hamel. The weight per acre of organic matter, computed 
from the organic carbon, is about one-eleventh less than the weight of volatile 
matter. This difference is probably due to the presence of so-called water 
of constitution, which is driven off while the organic matter is undergoing 
oxidation, and may be due in part to the factor used—1.724—being too low. 
This difference between the computed organic matter and the determined 
volatile matter is not serious, but much more weight should be attached to the 
former than to the latter. 

Ratio of organic carbon to nitrogen 

In the surface 6 inches of soil in these virgin woods, the ratio of organic 
carbon to nitrogen varies only between narrow limits, averaging 13.0. * It is 
much higher, however, in the overlying floor, varying from 18 to 24 in the 
three groups of woods. 


Phosphoric acid 

In phosphoric acid content all three group composites are alike, carrying 
0.30 to 0.31 per cent. At Hamel and Taylors Falls the weight of the phos¬ 
phoric acid carried in the floor, being only about one-sixteenth of the total,is low 
compared with that in the underlying soil, but at Mizpah it forms about one- 
fourth. The effect of burning off the floor may be very marked on soils poorly 
supplied with readily available phosphoric acid, especially with crops re¬ 
sponsive to phosphate applications, for the phosphate left behind will be 
largely in a form readily available for plants. 

Moisture equivalent 

The moisture equivalent is high for all the samples of floor, with a maximum 
of 120.2, a minimum of 97.0, and an average of 110.1, contrasted with 26.0, 
13.8, and 20.2 for the underlying surface 6 inches of soil. Assuming that the 
water-retaining capacity of both floor and soil is equal to the moisture equiva¬ 
lent (1, p. 65), it is evident that after a rain the floor may retain a very large 
amount of water—almost one inch of rain (0.93 inch) in wood III at Mizpah 
but only about 0.10 inch in III at Hamel—before allowing any to pass into 
the underlying soil. As in the forest the moisture content of the floor is 
never reduced to zero, the amounts of rain which even in its driest condition 
it could absorb would be considerably below these values. 

There is no close connection observable between the percentage of volatile 
matter in the floor and its moisture equivalent. The samples with the highest 
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percentages of volatile matter (Mizpah I and II) have the highest moisture 
equivalents (119.4 and 120.2), and the three at Taylors Falls with similar 
volatile matter content (62.2 to 63.8 per cent) have similar moisture equiva¬ 
lents (111.4 to 112.8). The sample from III at Hamel, with 62.6 per cent 
volatile matter, however, has a moisture equivalent of only 97.0, and I at 
Hamel, with a similar moisture equivalent (97.9) carries only 51.8 per cent 
Volatile matter. 


AN EARLIER STUDY 

In table 6 are reported data on three samples of forest floor and of the 
underlying 6 inches of soil collected near Duluth in September, 1915. The 
one was from virgin coniferous forest on the Duluth Experimental Farm near 
the city of Duluth, the soil of which is a stony clay loam developed on the 
Superior lobe of the Late Wisconsin glaciation (6, p. 164-165). Three years 
later this forest, consisting chiefly of balsam {Abies balsamea ), was destroyed 
by the disastrous forest fire of October 12, 1918. 


TABLE 6 

Forest floor of woods near Duluth 



DULUTH 

BLACKHOOF 

NICKERSON 

Forest floor: 




Nitrogen, per cent . 

1.48 

1.25 

1.56 

Organic carbon, per cent . 

39.14 

36.16 

40.76 

Carbon-nitrogen ratio . 

26.4 

29.0 

26,1 

Weight per square foot, pounds . 

1.56 



Moisture equivalent. 

127.8 

122.8 

137.7 

1 to 6 inches of soil underlying forest floor: 




Nitrogen, per cent . 

0.17 

0.19 

0.05 

Organic carbon, per cent . 

2.88 

2.49 

0.95 

Carbon-nitrogen ratio. 

17 

13 

19 

Weight per square foot, pounds . 

33.0 



Moisture equivalent. 

27.1 

34.9 

6.4 


The site at Blackhoof is 27 miles southwest of Duluth on Superior clay, 
developed on the iacustral material laid down in glacial Lake Duluth. The 
forest had originally consisted of a mixture of hardwoods and white pine 
{Pinus strobus), but the latter had been removed some years before the time 
of sampling. * 

The third site, that at Nickerson, was 8 miles south of the preceding on a very 
sandy moraine near the south shore of glacial Lake Duluth. It was covered 
with jack pine {Pinus Banksiana) and red pine (Pinus resinosa ). 

The methods of sampling and of analysis were similar to those described 
above. The samples are similar in composition and properties to those re¬ 
ported in tables 3, 4, and 5. t 
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SUMMARY AND CONCLUSION 

The forest floor was sampled in 9 virgin or nearly virgin Minnesota woods, 
6 being remnants of the original southeastern deciduous forest and 3 being 
in the northern coniferous forest. 

The amount per acre was found to vary from 13 to 97 tons, and the con¬ 
tent of nitrogen from 1.47 to 1.89 per cent, of volatile matter from 52 to 81 
per cent, corresponding to 444 to 2,847 pounds of nitrogen and 8 to 60 tons 
of volatile matter per acre. The nitrogen in the volatile matter varied from 
2.02 to 2.99 per cent, the organic carbon from 31 to 39 per cent, and the ratio 
of organic carbon to nitrogen from 18 to 24. The samples showed little or 
no acidity, carried about 0.30 per cent phosphoric acid, and had moisture 
equivalents of 97 to 120. 

A comparison of the weight per acre of nitrogen in the forest floor with that 
in the underlying 6 inches of soil, showed the one extreme to be in a hard 
maple wood in which the floor carried only one-sixth as much as the surface 
soil, and the other in a spruce-balsam-birch forest, in which the floor carried 
more than three times as much nitrogen as the surface 6 inches of soil. 
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PLATE 1 

Illustrations Showing Character or Woods at Hamel and Taylors Falls 

Fig. 1. Wood II of the Hamel group. The cordwood, shown in the foreground, had been 
cut between the time of sampling and that of taking the photograph, in September, 1919. 
Fig. 2. Interior of Wood III at Taylors Falls, with dense growth of ferns in foreground. 
Fig. 3. Interior of Wood III a£ Hamel. 
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LATE WISCONSIN DRIFT 1 

PAUL M. HARMER* 
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INTRODUCTION 

In connection with a study of the composition of virgin soils developed 
upon the till plains of the Late Wisconsin glaciation, the density was deter¬ 
mined for each of the four 3-inch sections of the surface foot in six woods and 
in six prairie fields—remnants of the original prairies. Only where informa¬ 
tion is available on the density as well as on the composition of the virgin 
soils is it possible to draw reliable conclusions as to the effect of cultivation on 
the organic matter and nitrogen content. Comparatively few data on the 
density of surface soils in situ have been reported and most of these have 
dealt with sections of 6 to 12 inches from fields that were far from virgin. 
Studies on the relative density of different depths of the surface soil have been 
reported by Alway and his co-workers (2; 3, p. 221-226; 4). 

According to Hilgard (5, p. 107-8) “the loose tilth and humus content of 
the surface soil will in general cause it to weigh less, bulk for bulk, than the 
underlying subsoil, even when the latter is more clayey; moreover, the con- 
tinous pressure from above will tend to consolidate the subsoil and substrata;” 
and sandy land may be assumed to have a weight per cubic foot of about 92 
pounds, loams, 80, clay land 75, and garden land and woods-earth 69 pounds. 

Warington reports the density of two fields at Rothamsted and one at Woburn 
(table 1) and mentions that although the density increased with depth to 
36 inches, samplings made to a greater depth showed little further increase. 
That the surface 9 inches of the old pasture was much lighter, and the lower 
three sections heavier than those from the arable land, he considered “an 
excellent illustration of the lightening of a soil laid down to grass, brought about 
chiefly by the accumulation of vegetable residues in the surface soil” (7, p. 46). 

1 Published with the approval of the Dilector as Paper No. 615, of the Journal Series of 
the Minnesota Agricultural Experiment Station. 

1 Formerly Research Assistant, Division of Soils, Minnesota Agricultural Experiment 
Station; now Research Associate at Michigan State College of Agriculture and Applied 
Sdence. 
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DESCRIPTION OF FIELDS 

Twelve fields with virgin soil, forming four groups of three each, were 
included in this investigation. The groups are located approximately in an 
east and west line across the state, two on the prairie and two in the deciduous 
forest, and all on the unmodified till plain of the Late Gray Drift—the Des 
Moines lobe of the Late Wisconsin glaciation. The Taylors Falls fields are 
only a few miles from the Wisconsin boundary, the Canby fields are close to 
the South Dakota line, and the other two groups lie between. 

All the Canby and Renville fields were still in prairie at the time of the 
study—1916—and virgin to the extent that the native sod had never been 
disturbed nor the fields fenced nor closely pastured, although for a number of 
years the crop of native grasses had been removed as hay. Their soils were 
typical of the prairie—black or brownish black, and high in content of organic 
matter. The composition of these soils will be dealt with in detail in a later 
paper of this series. The Taylors Falls and Hamel fields, occupied by decid¬ 
uous forest, have been described in the preceding paper (2). 


TABLE 1 

Density of three English soils, from data of Warington 
Weight per cubic foot 


DEPTH 

ROTHAMSTF.D HEAVY LOAM, 
OLD PASTURE 

ROTHAMSTED HEAVY LOAM, 
ARABLE LAND 

WOBURN LIGHT SAND, 
ARABLE LAND 

inches 

pounds 

pounds 

pounds 

1-9 

71 

89 

97 

10-18 

95 

93 

104 

19-27 

100 

98 

106 

28-36 

102 

101 

107 


After a field had been decided upon, two sites, on a level uniform area within 
it, both well removed from large trees, were selected and from these the density 
samples were taken. The apparatus consisted of a box of heavy reinforced 
sheet iron, 12 inches long, 6 inches wide, and 12 inches high, inside measure¬ 
ments, without top or bottom. It was made up of four sections, placed one 
above the other, each 3 inches deep, held together by two bolts passing verti¬ 
cally through small extensions at the ends of each section. These with the aid 
of thumb nuts held the four sections firmly together. It was found important 
to have the inner surface as smooth as possible, and to have each section fit 
squarely against the adjoining sections. 

Around the block of soil selected for the density determination a trench was 
dug 15 inches deep and wide enough to allow free handling of a spade. The 
block at the beginning measured about 8 by 14 inches horizontally. The 
apparatus was placed on top and the block trimmed, by means of a large sharp 
knife, just enough to permit the apparatus to be pressed down over it. Care 
was necessary in trimming the block to prevent any bulging of the box, while 
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avoiding all unnecessary trimming. The work was facilitated by the presence 
of a fair supply of moisture in the soil at the time and by the small number of 
stones and tree roots. The latter passing through a block of soil presented the 
most difficult obstacle. Generally the roots encountered were small, although 
a few an inch or two in diameter were found. Where a root was met 
with after a block had been partly removed, the apparatus was worked 
down close to it and the root then trimmed with a very sharp hatchet, Just 
enough to permit it to pass within the box. When a stone protruded from the 
block, or occupied parts of two adjacent sections, it was removed and weighed, 
care being taken to estimate the volume of the portion in each section. The 
proportionate weights were then assigned to the proper sections. 

When the box had been lowered until the top was flush with the surface 
of the mineral soil, the forest floor having been removed, the block was cut 
from its base, the box tipped onto its side, and the contents were removed 
from the pit to an oilcloth. Wherever the surface was dry and crumbly, a 
sheet-iron lid was placed on the top to prevent loss. The lower, irregular 
surface was supported by one hand, and, as soon as the block had been placed 
upon its side on the oilcloth, the bottom was trimmed flush with tlje lower 
edge of the box and the trimmings were thrown away. A second sheet of 
oilcloth was then brought under one end of the box, the nuts were loosened, 
the bolts were withdrawn until the first section was released, and a large, long 
straight-edge knife was inserted between it and the second. It was found 
better to cut slightly into the section being removed, rather than squarely 
along the edge of it. When the soil section had been separated from the rest 
of the block and its box removed, the surface of the adjacent section was then 
trimmed flush with the edge of its box and the trimmings were added to the 
soil from the first section. The question of whether to remove the 1 to 3-inch 
or the 10 to 12-inch section first was determined by the moisture content, 
texture, and other conditions of the soil, the looser end being dealt with first. 
In the prairie fields, as the surface sections were generally well bound together 
by roots, the 10 to 12-inch section was removed first. In the forest fields it 
was found better to remove the 1 to 3-inch section first, the lowest being more 
compact and generally more moist and holding together much better. After 
the whole of a 3-inch section had been transferred to the second oilcloth, it 
was carefully mixed and weighed, and a weighed portion was taken and placed 
in a sack to be sent to the laboratory for a moisture determination. A portion 
of the remainder was saved for the preparation of a composite sample for 
chemical analysis. Then fhe oilcloth was cleaned, placed under the second 
soil section, and the procedure repeated. 

For the laboratory determination, the composite sample was prepared by 
mixing equal volumes from the corresponding sections from the two sites in a 
field. The density data reported for each field are the averages from the 
two sites. 
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THE DENSITY 

The density, expressed as the weight per cubic foot, is reported in table 2. 
In the comparison of the successive sections from the same field the most strik- 


TABLE 2 

Density of the different sections 
Weight per cubic foot 


DEPTH 

FIELD I 

FIELD II 

FTELD III 

FIELD I 

FIELD II 

FIELD XII 

inches 

pounds 



pounds 

pounds 

pounds 

: 

Canhy 

Renville 

1-3 

55.5 

56'. 2 

60.1 

46.5 

52.4 

58.3 

4-6 

63.9 

72.9 

69.9 

62.5 

52.4 

62.3 

7-9 

69.0 

79.4 

75.8 

69.0 

53.2 

63.5 

10-12 

71.1 

82.9 

81.8 

71.5 

60.4 

66.4 

Average 1-12 

64.9 

72.8 

71.9 

62.4 

54 6 

62.6 


Hamel 

Taylors Falls 

1-3 

48.4 

62.2 

57.9 

45.0 

49.7 

55.0 

4-6 

77.0 

82.8 

80.5 

84.5 

79.9 

84.6 

7-9 

85.9 

93.9 

93.4 

87.5 

90.4 

95.7 

10-12 

85.8 

96.5 

96.6 

97.4 

95.2 

101.1 

Average 1-12 

74.3 

83.8 

82.1 

78.6 

78.8 j 

84.1 


TABLE 3 

Relative density of the four sections 
The first taken as unity 


DEPTH 

inches 

FIELD I 

_ 1 

FIELD II 

FIELD III 

AVERAGE 

FIELD I 

FIELD H 

FIELD ni 

AVERAGE 


Canhy 

Renville 

1-3 

■n 

■n 

m 

■si 

ra 

ra 

1.0 

1.0 

4-6 

■H 

Wm 

i 


Wm 

■n 

1.1 

1.1 

7-9 

m 

wm 

■H 

■fifl 

■ffl 

■El 

1.1 

1.2 

10-12 

1.3 

1.5 

1.4 

i 

1.4 

1.5 

HI 

1.2 

1.3 


Hamel 

-1 

Taylors Falls 

1-3 

ra 

1.0 

1.0 

1.0 

1.0 

MM 

■9 

1.0 

4-6 

■H 

1.3 

1.4 

1.4 

i? 

mam 


1.7 

7-9 

wm 

1.5 

1.6 

1.6 

1.9 

8H 

■sfl 

1.8 

10-12 

1.8 

1.6 

1.7 

1.7 

2.2 

1.9 

| 1.8 

2.0 


ing difference appears in the forest fields, where the surface is much less dense 
than the sections below. There is a similar but not nearly so marked differ¬ 
ence in the prairie fields, as may be seen better from table 3, which gives for 
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each field the ratio of the density of each of the lower sections to that of the 
surface, which is taken as unity. In all the fields the density increases, in 
general, with each increase in depth, from which it may safely be concluded 
that if successive sections had been taken from a large number of sites in each 
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Fig. 1. Densities of the Four Sections of the Twelve Fields 


TABLE 4 

Density of the different sections of the four groups of fields 


Weight per cubic foot 


DEPTH 

FOREST FIELDS 

PRAIRIE FIELDS 

AVERAGE 

FOR 

FOREST 

FIELDS 

AVERAGE 

FOR 

PRAIRIE 

FIELDS 

AVERAGE 
FOR ALL 
FIELDS 

Taylors 

Falls 

Hamel 

Renville 

C&nby 

inches 

pounds 

pounds 

pounds 

pounds 

pounds 

pounds 

pounds 

1-3 * 

49.9 

56.2 

52.4 

57.3 

53.0 

54.8 

53.9 

4-6 

83.0 

80.1 

59.0 

68.9 

81.6 

64.0 

72.8 

7-9 

91.3 

91.1 

61.9 

74.8 

91.1 

68.3 

79.7 

10-12 

97.9 

93.0 

66.1 

78.6 

95.4 

72.3 

83.8 

1-12 

80.5 

80.i 

59.9 

69.9 

80.3 

64.9 

72.6 


field, instead of from only two, an increase with depth would have been found 
in all the fields. In the forest the increase is more marked than on the prairies. 

When the fields of the various groups are considered separately, the fields 
of each group show considerable uniformity (fig. 1). The lower densities 
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of Field I at Canby, Field II at Renville, and Field I at Hamel are associated 
with a higher organic matter content. 

The average densities for the different groups are given in table 4. In the 
surface section there is no distinct difference between prairie and forest. 


TABLE 5 

Moisture equivalents of the soils of the different fields 


DEPTH 

FIELD I 

FIELD II 

FIELD III 

AVERAGE 

FIELD I 

FIELD II 

FIELD III 

AVERAGE 

AVERAGE 

inches 


Canhy 

| Renville 

Prairie 

Fields 

1-3 

36 

30 

27 

31 


39 

36 

38 

34 

4-6 

31 

28 

26 

28 


34 

33 

33 

31 

7-9 

29 

26 

25 

27 

30 

33 

31 

31 

29 

10-12 

28 

25 

25 

26 

28 

31 

30 

30 

28 


Hamel 

Taylors Falls 

Forest 

Fields 

1-3 

30 

28 

25 

28 

23 

25 

25 


26 

4-6 

22 

20 

16 

19 

16 

16 

17 


18 

7-9 

20 

18 

14 

18 

14 

14 

16 


16 

10-12 

20 

19 

15 

18 

13 

14 

15 


16 


TABLE 6 


Nitrogen in the different sections 


, 

DEPTH 

FIELD I 



FIELD I 

FIELD II 

FIELD III 

inches 

per cent 

Per cent 

per cent 

Per cent 

Per cent 

Percent 


Canby 

Renville 

1-3 

mm 

0.40 

0.38 

mm 

0.42 

B9 

4-6 


0.29 

0.25 

■IS 

0.36 

mSSm 



0.23 

0.18 

— 

0.33 

mS5M 



0.18 

0.13 

0.19 

0.28 

0.21 


Hamel 

Taylors FaVs 

1-3 

0.33 

0.29 

0.27 

0.29 


mm 

4-6 

0.13 

0.09 

0.08 

0.08 

m 

■a 

7-9 

0.09 

0.05 

0.05 

0.03 

0.04 

0.04 

10-12 

0.07 

0.06 

0.04 

t 0.03 

0.03 

0.04 


The values for Taylors Falls and Hamel are very similar but those for Canby 
are higher than those for Renville. 

The soil of,the prairie fields is much finer in texture as indicated by the mois¬ 
ture equivalents (table 5) but the magnitude of the moisture equivalent de- 
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pends upon the proportion of organic matter as well as upon the texture of the 
mineral portion. In the first foot the prairie fields are much the richer in 
organic matter, as indicated by the nitrogen determinations (table 6). 
Hence the evidence in hand does not permit the author to determine to what 
extent the lower density of the prairie soil is due to either the higher proportion 
of organic matter or the larger proportion of fine soil particles, or to the in¬ 
fluence of differences in climate and plant cover. 

Although the difference in the densities of the forest and prairie fields may 
be due to some extent to differences in texture, it probably is more largely due 
to differences in the content of organic matter. In the forest the organic 
matter is largely confined to the forest floor and the first two or three inches 
of soil under the leafmold, with a consequent lesser density of the 1 to 3-inch 
section, which may explain the sharp increase in density found in passing to 
the lower sections. In the prairie, on the other hand, where the organic 
matter content is largely derived from the grass roots, which penetrate for 
some distance below the surface foot, there is a higher content of organic 
matter and this is more uniformly distributed, resulting in a very gradual 
increase in density from the surface downward. 


TABLE 7 

Weight per acre of surface soil, computed* for various depths 


DEPTH 

PRAIRIE 

FOREST 

Canby 

Renville 

Average 

Hamel 

Taylors Falls 

Average 


inches 

pounds 

Pounds 

pounds 

pounds 

pounds 

pounds 

l-6§ 

1,551,000 

1,359,000 

1,445,000 

1,664,000 

1,709,000 

1,687,000 

1~7 

1,640,000 

1,431,000 

1,536,000 

1,778,000 

1,814,000 

1,796,000 

1-8 

1,912,000 

1,655,000 

1,784,000 

2,110,000 

2,144,000 

2,127,000 

1-9 

2,188,000 

| 1,887,000 

2,038,000 

2,476,000 

2,440,000 

2,458,000 


* By curve interpolation. 


In computing the amounts of plant nutrients per acre of land it is most 
customary to assume 2,000,000 pounds for the surface soil—the portion turned 
by the plow. This depth is most commonly placed at 6f inches, as suggested 
by Hopkins (3, p. 59) although some place it at 7 and others at 8 inches. For 
constituents which vary little with depth, such as potash, the assumption 
of arbitrary depth and weight will not seriously affect comparisons, but with the 
nitrogen and organic matter it is quite different, as with these any depth of 
sampling other than that necessary to give 2,000,000 pounds per acre will 
cause considerable error. This depth varies, being 7.5 inches for the Hamel 
group, 7.7 for that at Taylors Falls, 8.3 inches for that at Canby, and 9.5 
at Renville (table 7). 

SUMMARY 

The density of the soil in situ was determined in the four 3-inch sections 
of the surface foot of twelve Minnesota virgin fields developed on the till 
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plains of the Des Moines lobe of the Late Wisconsin drift. Six of these fields 
were in the deciduous forest and six on the open prairie. In the surface section 
the density of the soil was much alike in prairie and forest, but below that it 
increased gradually in the former but rapidly in the latter, being one-third the 
higher in the lower two sections of the forest soil. 
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Enzymes . By Selman A. Waksman, Associate Professor of Soil Microbiology, 
Rutgers University; Microbiologist, New Jersey Agricultural Experiment 
Station; and Wilburt C. Davison, Associate Professor of Pediatrics, 
Johns Hopkins University, School of Medicine; Associate Pediatrician, 
Johns Hopkins Hospital. The Williams & Wilkins Company, Baltimore, 
1926 . Pp. xii + 350 , bibliog., illus. 15 x 22.5 cm. Price $ 5 . 50 . 

The vast amount of material that has been accumulated in recent years as 
the result of studies in the field of enzymes makes the writing of a condensed 
presentation a difficult matter. The authors have succeeded admirably, 
however, in making the important results and laboratory methods available in 
a concise form. 

The material has been arranged in four main sections. In section A, 
Properties of Enzymes, special attention is given to the physical chemistry of 
enzyme reactions and the factors which influence them. Enzymes of the 
human and animal body receive the greatest share of attention in section B, 
Distribution of Enzymes, and this part of the book should be of particular 
interest to workers in the medical field, to animal physiologists, and to bio¬ 
chemists. Almost one-half of the book is devoted to section C, Methods for 
the Preparation and Study of Enzymes. In this section, the enzymes are 
grouped according to the substrate on which they act, and methods of prep¬ 
aration, distribution, optimal conditions, and methods of measurement are 
given. The detailed directions of this section will be of value to laboratory 
workers in this field. As compared with the other divisions of the book, section 
D, Practical Applications of Enzyme Activity, receives only brief attention. 
The treatment is sufficient, however, to impress one with the extent to which 
enzyme reactions are applied in the industrial field, and suggestions are made 
as to possible future applications. 

The book is replete with references to the literature, of which over thirteen 
hundred are listed at the end of the book, in a bibliography arranged alpha¬ 
betically as to authors and also according to reference numbers in the text. 
This feature of the book will be of special value to research workers. The 
arrangement of the book is such that the material is easily accessible, the 
detailed outline of the table of contents appearing as paragraph headings. 
The book is thus very suitable for ready reference. 

The conciseness of presentation has made the style somewhat abrupt in 
parts of the book, and for this reason it is not so readable as a more extensive 

‘This review was prepared by Prof. Walter C. Russell, of the New Jersey Agricultural 
Experiment Station. 
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work might be. Throughout, the emphasis is on facts and practise rather than 
on theory, and the treatment is too condensed to be of a critical nature. 

The extensive bibliography, the brief theoretical treatment, and the wealth 
of laboratory methods should commend this book to workers who have to deal 
with enzyme reactions. 



THE INFLUENCE OF BORON ON THE GROWTH OF THE SOYBEAN 

PLANT 1 

GILBEART H. COLLINGS 2 
New Jersey Agricultural Experiment Stations 8 
Received for publication April 19, 1926 

INTRODUCTION 

Widespread interest was shown a few years ago in the influence on plant 
growth of fertilizers carrying boron. Because of that interest, this investiga¬ 
tion was made to study carefully the influences of boron on the growth of the 
soybean plant with particular attention to the detection of all toxic and stimu¬ 
lating actions of the element. 

As early as 1857 Wittstein and Apoiger (26) reported the presence of boron in the seed of 
Abyssinian Saoria (Maessa picta). Callison (9), in 1890, found the element to be present 
in fifty-one miscellaneous plants. From time to time other investigators have reported its 
presence in various plants and plant parts, so that at the present time its distribution in the 
plant kingdom is known to be almost universal. 

The experiment stations of this country conducted many field tests during, and im¬ 
mediately after, the World War to determine to what extent borax might be toxic to such 
field crops as cotton, corn, and potatoes. This work was necessary because of the wide¬ 
spread damage to field crops by certain American potash fertilizers that contained borax. 
Toxicity to plants was amply demonstrated when boron in the form of borax was applied in 
comparatively large quantities. In certain cases, such as in the results secured by Neller 
and Morse (19), small quantities of boron appeared to stimulate plant growth. In most of 
this work, however, especially in those cases where the experiments were carried on under 
field conditions, no minute study of the physiological influences of boron on plant growth 
has been attempted. 

The function of boron in the plant, if it has any, is problematical. Warington (25) of the 
Rothamstead Experiment Station believes that the action of boron is “probably nutritive 
rather than catalytic;” thus she accepts its presence as an essential element for at least the 
broad bean plant. 


Experimental procedure and general methods 

The influence of boron on the growth of soybeans, and its relative influence when 
applied in the form of boric acid, potassium borate, and sodium borate, or borax, was studied 


1 Thesis presented to Rutgers University in partial fulfilment of the requirements for the 
degree of Doctor of Philosophy, 1924. Paper No. 320 of the Journal Series, New Jersey 
Agricultural Experiment Stations, Department of Plant Physiology. 

* Grateful acknowledgment is hereby made to Dr. J. G. Lipman, Prof. A. W. Blair, and 
Dr. John W. Shive, for their advice, cooperation, and encouragement throughout the course 
of this piece of research. 

* Now Associate Professor of Agronomy at Clemson College, S. C. 
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under five heads: first, on germination; second, on the seedling phase of growth of soybeans 
in nutrient solutions; third, on plants grown to maturity in nutrient solutions; fourth, on 
plants grown in sand; and fifth, on plants grown in soil. 

The Manchu variety of soybeans (Soja max) was used throughout the experiments. In 
order to secure the greatest uniformity among the plants grown, a pure line strain of the 
variety was used. The seed were hand graded and were planted in moist sphagnum moss. 
In about one week after planting, selected seedlings were transplanted to the culture jars or 
pots, which contained the solutions, sand, or soil. 

An excellent grade of seashore fine sand, secured from a pit, was used in all the sand cul¬ 
tures. The same sand was used in all the germination experiments, but it was first thoroughly 
washed free of all clay particles. 

The soil used in the soil cultures was Norfolk coarse sand secured in the vicinity of Mill- 
town, New Jersey. The soil used in the germination experiments w T as Sassafras loam, se¬ 
cured on the farm of the New Jersey Agricultural Experiment Station. 

For most of the pot culture work, glazed earthenware pots of a capacity of about two 
kilos of dry sand were used. Into each pot was weighed 1700 gm. of dried sand or soil. 
All pots were tared with coarse washed gravel. 

To each pot of the sand and soil cultures, a complete fertilizer, consisting of 0.187 gm. of 
chemically pure ammonium sulfate, 0.75 gm. of add phosphate, and 0.25 gm of chemically 
pure potassium chloride, was applied. The acid phosphate was thoroughly mixed with 
the dry sand or soil, but the potassium chloride was first dissolved in water and one-half 
added just before the seedlings were transplanted, and one-half about three weeks later. 
The ammonium sulfate was also dissolved in water and applied in three weekly installments. 
The first applications of ammonium sulfate and of potash were made at the same time. 

The culture jars used in the water culture work were of colorless glass, and had a capacity 
of 900 cc. (1 quart) and 1800 cc. (2 quarts). These jars had for some years been used for 
culture work, and were, therefore, thoroughly seasoned. 

Three seedlings were transplanted to each jar or pot. For the water culture jars, the 
three seedlings were mounted in a double-piece paraffined cork stopper, such as that devised 
by Tottingham (23) and placed in each culture jar. Cylindrical shells of manila paper 
were placed around the jar to exclude the light from the plant roots. These paper shells 
were also used around all reservoirs of solutions to prevent the growth of algae, and to pre¬ 
vent such chemical action of light as the conversion of nitrates to nitrites as has been re¬ 
ported by Baudish (4). 

After the application of the boron to the sand and soil cultures, the moisture was main¬ 
tained at 12.5 per cent of the dry weight of the sand or soil by weighing once each day and 
replacing the loss of weight with distilled water. Similarly, all germination tests conducted 
in sand were maintained at 12.5 per cent water by weighing once each day. Two weighings 
were sometimes made on hot days when excessive evaporation was taking place. 

A modification of Tottingham’s four-salt solution Ti Ri C*, as devised by Jones and 
Shive (15) was used in all of the water culture work. This solution is made up of (NHO 2 SO 4 , 
KHjPO*, Ca(NO*)i, and MgSO* in volume molecular proportions of 0.0014,0.00211,0.00146, 
and 0.01659 respectively. The stock solutions of these chemicals were made up to one-half 
molecular concentrations. 

Iron was added to the water cultures in the form of soluble ferric phosphate in amounts 
equivalent to about 0.25 mgm. per liter of the nutrient solution. The ferric phosphate was 
made up in concentrations equivalent to about 1 mgm. of iron per cubic centimeter of solu¬ 
tion. This stock solution was always prepared just before being added to the culture solu¬ 
tions. This element was added to the culture solutions when the plants appeared to need it. 

In order to incorporate different amounts of boron in each culture solution, it was found 
necessary to make up each culture separately, although the same nutrient solution was used 
in all the water culture work. 

All cultures of all series of plants grown during the seedling phase were constantly re- 
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ncwed according to a drip and drain method somewhat similar to that devised by Allison and 
Shive (2). One quart of solution was allowed to pass through the system every twenty- 
four hours. From time to time the glass siphons, which were exposed to light, were washed 
in acid and then in distilled water to free them from algae. 

In most cases, duplicate series were grown at the same time. In such cases the corre¬ 
sponding cultures of each series were placed adjacent to each other, in order that environ¬ 
mental conditions might be as nearly alike as possible. Weekly records were kept of all 
changes taking place in the uniformity of the tops of each series, and of the roots of all plants 
grown in water cultures. When the growth period of each series was completed, the tops 
were severed from the roots and a determination of the green weight of both tops and roots 

TABLE 1 

Influence of boric acid , potassium boratc> and borax on ger?ui nation 


PERCENTAGE OF GERMINATION AT INTERVALS AFTER SEEDLINGS APPEARED* 



Sand media 

Soil (sassafras loam) 
media 

LITER OF 
SOIL 

Bone acid j 

Potassium borate j 

| Borax 

Borax 

SOLUTION 

nj 

I 2 

X) 

£ 

> . 

-a 

>, 

a 

•n 

>» 

A 

C3 

XJ 

>y 

-d 

*5 

>» 

4 

rt 

TJ 

4 


C 

O 

u 

£ 

3 

o 

U* 

3 

w 

1! 

o 

o 

Vi 

i2 

a 

* 

a? 

■g 

O 

u 

& 

s 

c 

*5 

.S 

cio 

Secon? 

3 

O 

•5 

K 

1 3 

mgm. 













0 

80 

85 

87 

75 

85 

90 

65 

70 

70 

75 

77 

80 

0.5 

92 

97 

97 

72 

77 

77 

80 

80 

80 

90 

92 

92 

1 0 

85 

90 

90 

82 

90 

90 

62 

80 

80 

82 

85 

85 

10 0 

82 

97 

100 

70 

75 

82 

57 

67 

67 

77 

82 

85 

25.0 

52 

75 

82 

70 

75 

77 

30 

45 

45 

72 

82 

82 

50.0 

50 

70 

72 

45 

77 

77 

22 

32 

32 

70 

70 

72 

100.0 

22 

30 

40 

5 

32 

45 

5 

10 

10 

80 

80 

80 

150 Of 

22 

32 

35 

15 

15 

17 

10 

12 

20 




200 Of 

12 

15 

20 

7 

15 

15 

0 

5 

5 




250 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

87 

95 

95 

500.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

52 

55 

57 

1000 0 

0 

0 

0 

0 

0 

0 

0 

0 

o 

30 

40 

40 


* Average of two tests. 

t These two concentrations were used in another experiment at a later date. 


was made at once. The roots were first gently rinsed with distilled water and then placed 
on blotting paper for a few minutes before weighing. Both the roots and tops were placed 
in manila bags and allowed to dry at ordinary temperature in the greenhouse. They were 
then placed in an oven and kept at 100° C. for 24 hours. The contents of each bag were then 
weighed and the dry weight of each culture was determined. 

THE INFLUENCE OF BORON ON GERMINATION 

The germination experiments were made in No. 2 enamel pans. Into each 
pan, 200 gm. of dry washed sand, or in one experiment, of dry Sassafras loam 
soil, was weighed and leveled. Twenty hand-selected seed were uniformly 
distributed over the surface and an additional 800 gm. of dry washed sand or 
of the dry soil was added. Into each pan was then poured 125 cc. of a solution 
containing the desired amount of boron. 
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Records were taken for six successive days after the first seedlings appeared 
above the surface of the sand or soil. The number and appearance of the 
seedlings were recorded each day. All germination experiments were run in 
duplicate. 

Experiments conducted in washed sand 

The results of all experiments conducted in washed sand are given in table 1. 
It will be observed from these data that 250 mgm. of boron per liter, in the soil 
(sand) solution of thoroughly washed sand either in the form of boric acid, 
potassium borate, or borax, is capable of entirely stopping germination. 

A half century ago Heckel (13) reported the injurious effects of alkali borates 
on the germination of seed, but the milligram concentration of the soil solution 
that will prevent germination of soybeans has never before been determined. 
The data in table 1 show that the seeds vary in their resistance to this injurious 
element. A few of the seed were able to resist the toxic action of the element in 
concentrations as high as 200 mgm. per liter of the soil (sand) solution. In 
all these experiments at least 100 mgm. of boron was capable of reducing materi¬ 
ally the percentage germination of the seed. It might well be observed at this 
time that the percentage germination secured in all the check tests, 82.5 per 
cent, was very good for soybeans. The weaker concentrations of boron appear 
to delay germination. It was observed that, for the first few days after the 
seedlings began to appear at the surface of the sand, 10 mgm. of boron per liter 
of soil solution was capable of delaying germination. 

Many investigators have noted this retarding effect of boron compounds on the germina¬ 
tion of seeds, particularly under field conditions. Voclcker (24) has noted this effect of boric 
acid and borax on wheat and barley. This same influence of borax on cotton has been re¬ 
ported by Blackwell and Collings (5) and by Skinner and Allison (22), on cotton and corn 
by Slierwin (21), on corn and potatoes by Blair and Brown (6) and by Neller and Morse 
(19). Archangeli (3) tested the influence of boric acid on germination by soaking a large 
number of species of seeds in concentrations of boric acid containing about 1773, 886, and 
443 mgm. of boron per liter respectively. He reported that 1773 mgm. prohibited germina¬ 
tion altogether, and that the other concentrations delayed germination in proportion to the 
concentration. In 1892 Morel (18) concluded that boric acid and borax when used in equal 
quantities, equally diminished or inhibited the gennination of kidney beans and wheat when 
the seed were soaked in solutions of each. 

This latter conclusion is not upheld by the results of this work with soybean 
seed. Observation and a careful study of table 1, indicate that in their action 
on germination boron compounds are not equal when used quantitatively, 
but that they are about equal when compared on a boron content basis. 

In these germination experiments wherever as much as 10 mgm. of boron was 
applied per liter of soil (sand) solution the edges of the young leaves were 
tinged yellow; with the higher concentrations of boron the entire seedlings 
were chlorotic. Warington (25) called attention to a similar condition with 
the broad bean, but she observed that the condition appeared to be overcome 
with further growth of the plants. 
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Experiments conducted in soil 

It has been noted by many that under field conditions the injury to field 
crops from borax-carrying fertilizers is greater in sections where the soils are 
sandy. This, as has been pointed out by Cook and Wilson (11), is probably 
due to the absorption of the boron by the colloidal material of the heavier soils, 
or to a chemical conversion of the soluble boron compounds into insoluble ones. 
In order to determine the extent of this fixation of bpron, a germination experi¬ 
ment was made on Sassafras loam soil. Borax was used as the carrier of 
boron. Table 1 gives the results of this experiment also. These data show 
that a minimum equivalent of about 500 mgm. of boron per liter of soil solution 
materially inhibited seed germination in soil. A minimum of 250 mgm. of 
boron produced an unhealthy appearance in the seedlings. Germination was 
not entirely prevented by 1000 mgm. of boron per liter of soil solution. A 
comparison of these results with those secured with washed sand, indicates 
considerable dilution of the boron through absorption or chemical combination. 

A close examination of the seed that failed to come up revealed that the 
growing point of the plumule had been killed. Where 1000 mgm. of boron was 
present in the soil solution of the experiments conducted in sand, practically 
no development of the plumule had taken place, but with the weaker concen¬ 
trations of boron, the plumule showed greater development. Likewise, the 
extent of growth was found to be correlated with the concentration of the 
boron. The development of the root systems of the seedlings in the pans re¬ 
ceiving 10 mgm. and more of boron was diminished by increasing the concen¬ 
tration of boron. 

It is not known just what physiological effect boron has on the germinating 
seed, or on the young seedling. Schreiner et al. (20) have suggested that the 
element may interfere in some way with the liberation of sugars. They call 
attention to the fact that borax is capable of forming a chemical union with 
sugar alcohols, such as mannite. It is upon this combination that one of the 
present methods of determining borax is based. 

A brown incrustation was noticed on the surface of all pans of sand, and a 
gray incrustation on all pans of soil receiving 500 mgm. or more of boron per 
liter. Warington (25) made a similar observation when 4 gm. of boric acid 
was added to 22.5 pounds of soil. She suggested that this was due to a sur¬ 
face concentration of the boron compounds. This suggestion is probably 
correct, for in the experiments reported in this paper where washed sand was 
used, no other soluble matter could have been present. 

THE INFLUENCE OF BORON ON SOYBEANS GROWN IN SAND 

After the sand had been weighed into the pots and the fertilizer added, the 
young seedlings were transplanted to the pots and a few days later solutions of 
the boron compounds were added to each culture. 

Six series of nine cultures each were run. These will be designated as Boric 
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Acid Series I and II, Potassium Borate Series I and II, and Borax Series I and 
II. Anhydrous borax or the borax equivalent of boric acid or of potassium 
borate, was applied on an acre basis. As the moisture was maintained at 
12.5 per cent, the concentration of boron in the soil (sand) solution could be 
determined. The applications of boron varied from 1 to 75 pounds per acre, 
or the equivalent of 0.46 to 34.53 mgm. per liter of the soil (sand) solution. The 
individual applications on a pound per acre basis, and on a milligram of boron 
per liter of soil (sand) solution basis, are given in table 2. 

Toxicity of boron as shown by visible injury to the leaves 

Within from three to five days after the boron had been added, visible injury 
occurred on all plants receiving an initial application equivalent to 10 pounds 
or more of borax per acre. An application of 10 pounds of borax per acre 

TABLE 2 


Cultures showing boron injury on the leaves of plants grown in seashore sand 


AMOUNT OP 

AMOUNT OF 

TIMF ELAPSING BETWEEN APPLICATION OF BORON COMPOUND 

AND APPEARANCE OF INJURY 

EQUIVALENT 
PER ACRE 

LITER OP SOIL 
SOLUTION 

Boric Acid Scries 

Potassium Borate Series 

Borax Series 


I 

II 

I 

II 

I 

II 

pounds 

0 

mgm. 

0 

days 

days 

days 

days 

days 

days 

1.0 

0 46 

17 

17 

21 

21 

17 

17 

2.5 

1.15 

10' 

10 

10 

10 

11 

11 

5.0 

2 30 

9 

9 

9 

9 

10 

10 

7.5 

3 45 

9 

9 

6 

6 

9 

9 

10.0 

4 60 

6 

6 

5 

5 

5 

5 

25.0 

11.51 

4 

4 

4 

4 

4 

4 

50.0 

23 02 

3 

3 

4 

4 

3 

3 

75.0 

34 53 

3 

3 

3 

3 

3 

3 


produces a concentration of boron in the soil (sand) solution—provided none 
is fixed—of 4.6 mgm. per liter of cultural solution. Table 2 also gives the num¬ 
ber of days elapsing between the application of the boron compound and the 
appearance of injury in the boric acid, potassium borate, and borax series. It 
will be observed that the visible injury to the leaves occurred almost simul¬ 
taneously in the boric acid, potassium borate, and borax series. Furthermore, 
the injury to the leaves appeared practically simultaneously in all cultures 
receiving the same application of boron. In all six series that received more 
than 50 pounds of borax, or its equivalent per acre, all plants were killed 
within a week after the application of the boron compounds. The plants of 
these cultures did not show very clearly the characteristic leaf injury. The 
concentration of the toxic element was apparently so great in these cultures 
that the entire plant turned chlorotic and died within a short time. This 
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was also observed later when large applications of boron were made in the water 
culture experiments. Wherever 25 pounds of borax per acre was applied, the 
plants were nearly dead when harvested. The injury appeared consecutively 
from higher to lower applications until an application of 1 pound per acre, or 
the equivalent of 0.46 mgm. of boron per liter of soil (sand) solution, produced 
the toxicity on the leaves. No application lower than 1 pound per acre was 
made. The extent of the visible injury was about the same in all cultures 
receiving the same applications of boron, whether in the form of boric acid, 
potassium borate, or borax. All cultures receiving more than 7.5 pounds of 
borax per acre or 3.45 mgm. of boron per liter of soil (sand) solution, showed a 
correlated stunting of the plants with an increase in the application of the boron 
compound. 


TABLE 3 

Dry weight per plant of tops of soybeans grown in seashore sand 


POT 

AMOUNT PER ACRp; 

OP BORAX 

OR EQUIVALENT 

DRY WEIGHT PER PLANT OF SOYBEAN TOPS POR* 

Boric Acid Average 
Series I and H 

Potassium Borate 
Average 

Series I and II 

Borax Average 
Series I and 11 


pound* 

gm. 

gm 

gw. 

1 

0 

1.6361 

1.6313 

1 2797 

2 

1 0 

1 1366 

1 5321 

1.3459 

3 

2.5 

1 5450 

1 6553 

1.1566 

4 

5 0 

1.4399 

1 5760 

1.4655 

5 

7.5 

1.2454 

1.5254 

1 2733 

6 

10 0 

1 3476 

1 5171 

1.1587 

7 

25 0 

1 1087 

0 9760 

1.1449 

8 

50 0 

0 5068 

0 5348 

0.4910 

9 

75.0 

0 2619 

0.2491 

0 3102 


* Average of six plants. 


The influence of boron on the dry weights of plants grown in sand 

The plants were harvested at the end of their seedling phase of growth. The 
roots were not harvested. Table 3 shows that boron in any form has a very 
harmful influence on the dry yield of plant tops. The dry weight per plant 
was reduced by as low an application as 1 pound of boric acid per acre; by 5 
pounds or more of potassium borate; and by 7.5 pounds or more of borax. 
However, the 1.0 pound application of potassium borate and the 2.5 pound 
application of borax produced less dry matter than their respective checks. 

The dry weights of these six series again corroborate the conclusions secured 
with the germination test: first, that the borate ion produces the injury; and, 
second, that compounds of boron are toxic in proportion to the boron they carry, 
and such compounds are comparable on that basis. It is apparent that the 
amount of absorption of boron is very small in pure sand, for injury was secured 
here with 0.46 mgm. of boron per liter of soil (sand) solution. 
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The stimulating influence of boron 

There was no evidence from any of the six series that boron is essential or 
stimulating to the growth of soybeans. The average dry weights of all dupli¬ 
cate series (table 3) reveal only three cases where the dry weights are greater 
than that of the check—where 1 and 5 pounds of borax, respectively, and 
where 2.5 pounds of potassium borate were added. 

THE INFLUENCE OF BORON ON SOYBEANS GROWN IN SOIL 

Since most of the boron injury reported from borax-carrying fertilizers 
used under field conditions was obtained on sandy types of soil of the Coastal 
Plain, it was thought best to use a representative Coastal Plain soil—Norfolk 

TABLE 4 


Cultures showing boron injury on the leaves of plants grown in Norfolk sand 


. 

AMOUNT OF 

AMOUNT OF 

TIME ELAPSING BETWEEN TIIE APPLICATION OF BORON COMPOUND 

AND APPEARANCE OF INJURY 

EQUIVALENT 
PER ACRE 

LITER OF SOIL 
SOLUTION 

Boric Acid Series 

| Potassium Borate Series 

j Borax Series 

III 

1V 

m 

IV | 

III 

IV 

pounds 

0 

mgm 

0 

days 

days 

days 

days 

days 

days 

1.0 

0 46 

22 

22 

20 

20 

22 

22 

2.5 

1 15 

10 

10 

10 

10 

16 

16 

5 0 

2 30 

9 

9 

9 

9 

7 

7 

7.5 

3.45 

7 

7 

8 

8 

7 

7 

10.0 

4 60 

6 

6 

5 

5 

6 

6 

25.0 

11 51 

4 

4 

4 

4 

5 

5 

50 0 

23 02 

3 

3 

3 

3 

5 

5 

75 0 

34 53 

3 

3 

3 

3 

5 

5 


sand—for this study. It was also believed that with this class of soil the effect 
of small applications of boron on plant growth would be more pronounced 
than with a heavier type of soil. 

As in the previous study, six series of nine cultures each, were run in this 
test. These series are designated as Boric Acid Series III and IV, Potassium 
Borate Series III and IV, and Borax Series III and IV. The same amounts of 
soil, and the same applications of fertilizer were used as in the experiments 
with seashore sand. 

Toxicity of boron as shown by the visible injury to the leaves 

Visible injury to the leaves again occurred in all the cultures of all the series 
receiving boron. In table 4 is given the number of days elapsing between 
the application of the boron compound and the appearance of injury. It will be 
observed that the visible injury occurred in the six series in about the same 
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length of time. Again, the same concentration of the borate ion appeared to 
produce the same results, regardless of the carrier. 

Tables 2 and 4 show that the results secured with Norfolk sand are similar 
to those secured with pure sand. In all cases 1-pound applications of borax, 
or its equivalent, were sufficient to produce visible injury on the leaves. This 
soil was a coarse sand and carried only small amounts of clay. It is, therefore, 
not surprising that the results are closely correlated to those secured with pure 
sand. 

Special attention is directed to the small amounts of boron capable of pro¬ 
ducing visible injury. Although considerable work has been done in pot 
cultures in connection with field experiments by many investigators, few have 
indicated that less than 5 pounds per acre of borax was toxic to any plant even 
when the material was applied in the drill. This is probably because the first 

TABLE 5 

Dry weight per plant of tops of soybeans grown in Norfolk sand 


POT 

AMOUNT PER ACRE 

OF BORAX 

OR EQUIVALENT 

DRY WEIGHT PER PLANT OF SOYBEAN TOPS* FOR 

Boric Acid Average 
Series III and IV 

Potassium Borate 
Average 

Series III and IV 

Borax Average 
Series III and IV 


pounds 

gm 

gm. 

gm. 

1 

0 

1.3841 

1 0776 

1.1205 

2 

1 0 

1.0200 

1 0075 

1.8366 

3 

2 5 

0.9610 

0.9171 

1.0694 

4 

5.0 

0.9057 

0.8375 

1.0295 

5 

7.5 

0.9432 

0.8582 

0.9358 

6 

10 0 

0.9156 

0.7072 

1.0208 

7 

25.0 

0.5600 

0.5434 

0.6650 

8 

50.0 

0.2983 

0 2103 

0.4101 

9 

75.0 

0.2864 

0.2298 

0.2129 


* Average of six plants. 


appearance of the injury was not readily recognized. It has been observed 
frequently in these experiments that a plant might appear perfectly sound to a 
casual observer, and yet upon a close inspection the presence of the visible 
toxicity on the leaves could be noted. It was also observed that many of the 
lower leaves of the plant may show the injury, and yet the dry weight of the 
plant may not be reduced materially. 

It is very probable that had a $-pound application of borax been made and 
had the plants been allowed to grow to maturity, toxic injury to the leaves 
would have appeared before harvesting. 

The influence of boron on the dry weights of plants 

The average dry weights of all duplicate series are given in table 5. These 
data show that an application of 1 pound of borax per acre in the form of 
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boric acid or potassium borate, or of 2.5 pounds per acre in the form of borax, 
is sufficient to decrease the dry weights below that of the controls during the 
seedling phase of growth. 

The stimulating influence of boron 

There is no indication in any soil series of any marked stimulation to soy¬ 
beans, although as many as 162 plants were grown in these six series. On the 
other hand, Voelcker (24) has reported a slightly stimulating effect on wheat 
with quantities of borax not exceeding 27 pounds per acre, and Breckenbridge 
(7) grew in pots potatoes which appeared to be stimulated with 4 to 6 pounds 
of borax per acre. 

It should not be overlooked that boron compounds are somewhat antiseptic, 
and that a certain amount of soil sterilization may take place. This action 
of boron may influence the soil organisms, and thus have an indirect influence 
on plant growth. 

THE INFLUENCE OF BORON ON THE SEEDLING PHASE OF GROWTH OF SOYBEANS 

IN WATER CULTURES 

Although many investigators have reported boric acid and borax to be 
toxic to plants, very little exact work has been done to determine at what 
minimum concentrations the toxic compounds will produce the harmful effects. 
Most of the work that has been reported has been conducted under field con¬ 
ditions. Many investigators,have called attention to the fact that where toxic 
compounds are applied under field conditions various factors may enter in to 
obscure the results. For example, the amount and distribution of rainfall may 
alter the concentration of the soil solution and, therefore, influence the relative 
toxicity of the compound. Even where toxic compounds are applied to soil 
in pots, and the pots kept under controlled greenhouse conditions, absorption 
of the toxic compound will take place to an extent depending upon the physical 
and chemical nature of the soil. This absorption will, in turn, influence the 
concentration of the toxic element in the soil solution, and thus vary the ex¬ 
tent of injury to the plant. 

This being true, it naturally follows that water culture tests, rather than pot 
or field tests, offer the best possible means of studying under controlled con¬ 
ditions the harmful and beneficial influences of minute quantities of chemical 
compounds upon the growth processes of any plant, provided the plant in 
question can be grown successfully in nutrient solutions. It was with this 
idea in mind that this phase of the study was undertaken. 

The soybean was used for this study because legumes are more sensitive 
to toxic compounds than are non-legumes, and because it has proved so well 
adapted to nutrient solution work under greenhouse conditions. Cook (10) 
has reported that legumes are more sensitive to boron compounds than non¬ 
legumes. The Modified Tottingham solution was used in all the nutrient solu- 
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tion work because Jones and Shive (15) have reported favorable results when 
growing soybeans in this solution. 

Several investigators have reported the toxic influence of soluble boron compounds on the 
growth of seedlings. Archangeli (3), for instance, found that seedlings of maize, white 
lupines, vetch, or wheat placed in a solution of boric acid containing about 1773 mgm. of 
boron per liter of solution were killed, but that they were less severely injured with weaker 
concentrations. Likewise, Kahlenburg and True (16), limiting their experiments to from 
fifteen to twenty hours duration, found that seedlings of lupines put into a solution of boric 
acid containing about 440 mgm. of boron per liter were killed, concentrations of 220 mgm. 
of boron per liter left the plants apparently just alive, and a weaker concentration of 110 
mgm. produced no injurious influence. 

At the beginning of this experiment it was thought probable that any harm¬ 
ful or beneficial influences of boron compounds on soybeans grown in nutrient 
solution would appear in the early stages of growth. It was also thought prob¬ 
able, that if these influences should manifest themselves when the plants were 
young, they might be obscured by further growth of the plant. A study was 
first made, therefore, of the influence of boron compounds on the growth of 
soybean plants during their seedling phase. A comparative study was also 
made of the influence of boron in the form of boric acid, potassium borate, and 
borax. 

As no investigator had worked on this problem with the soybean when grown 
in the Modified Tottingham nutrient solution, it was found necessary first to 
apply boron to the culture solutions over a wide range of concentrations, and 
to determine whether any noticeable effects could be produced. Therefore, a 
series of fifteen cultures receiving boric acid was run and harvested 21 days 
later when the plants were in full bloom. Boric acid was applied in concen¬ 
trations ranging from 0.006 to 55.89 mgm. of boron per liter of the nutrient 
solution. The individual concentrations are given in table 6. 

Toxicity of boron as shown by visible injury to the leaves 

Five days after the application of the boric acid, small dark brown spots began 
to appear on the first pair of leaves of culture 15—this culture had received 
55.89 mgm. of boron per liter of the nutrient solution. The injury, which was 
very pronounced, was apparently of the same type as that observed on plants 
grown in sand and soil containing boron-carrying fertilizers. This injury ap¬ 
peared within three days, consecutively in the next five cultures receiving lower 
concentrations of boron, and was produced by all applications of more than 0.44 
mgm. of boron. It is evident that boron in the form of boric acid in nutrient 
solution is toxic to soybean seedlings, and that the extent of this toxicity is 
dependent upon the concentration of boric acid. It was also observed that the 
appearance of this visible injury on the leaves occurred simultaneously and 
uniformly on all plants of each culture. 

After securing these results, another series, designated as Boric Acid Series 
VI, was started to determine whether an application of boron as boric acid, in 
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concentrations ranging between 0.44 and 0.89 mgm., would produce the injury 
during the same growth period. Visible toxicity to the leaves again appeared. 
Table 6 also shows the concentrations of boron used in all cultures of this series, 

* TABLE 6 


Amount of boron applied per culture and time elapsing between the application of boron com¬ 
pounds and the appearance of the injury 


CULTURE 

BORIC ACID SERIES V 

BORIC ACID SERIES VI 

Boron per liter of 
nutrient solution 

Time required for 
injury to appear 

Boron per liter of 
nutrient solvent 

Time required for 
injury to appear 


mgm. 

days 

mgm. 

days 

1 

0 


0 


2 

0 006 


0.22 


3 

0,013 


0 33 


4 

0.027 


0 44 


5 

0 055 


0 53 

21 

6 

0 110 


0 62 


7 

0.220 


0.71 

20 

8 

0 440 


0 80 

19 

9 

0 890 

17 

0 89 

19 

10 

1.740 

7 

1 07 

17 

11 

3 490 

7 

1 25 

17 

12 

6.980 

6 

1 43 

14 

13 

13.970 

6 

1.60 

14 

14 

27 940 

5 

1.74 

13 

15 

55.890 

5 

3 49 

11 * 

CULTURE 

POTASSIUM BORATE SERIES V 

POTASSIUM BORATE SERIES VI 

Boron per liter of 
nutrient solution 

Time required for 
injury to appear 

Boron per liter of 
nutrient solution 

Time required for 
injury to appear 


mgm. 

days 

mgm. 

days 

1 

0 


0 


2 

0.002 


0.28 


3 

0.004 


0.43 

21 

4 

0.009 


0.56 

19 

5 

0.018 


0.67 

19 

6 

0.036 


0.79 

17 

7 

0.072 


0.90 

19 

8 

0.140 


1.01 

14 

9 

0.280 


1.12 

14 

10 

0.560 


1.35 

14 

11 

1.120 

17 

1.58 

14 

12 

2.250 

7 

1.80 

14 

13 

4.510 

7 

2.03 

14 

14 

9.030 

6 

2.25 

13 

15 

J2.060 

5 

4 51 

10 


the cultures on which the injury occurred, and the time elapsing between the 
application of the boron compound and the appearance of the injury on the 
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leaves. It will be observed that at the time this series was harvested, visible 
injury to the leaves had been produced where only 0.53 mgm. of boron had 
been applied per liter of the nutrient solution, and that injury had not occurred 
where 0.44 mgm. of boron had been applied. These results corroborate as 
closely as could be expected the results secured' with Boric Acid Series V. 

Simultaneously with Boric Acid Series V and VI, two similar series were 
run with potassium borate as the carrier of boron. The concentrations of 
boron, and the time elapsing between the application of the boron compound 
and the appearance of the injury on the leaves are given in table 6. Again a 
similar visible injury occurred in those cultures receiving a high dose of boron. 
It thus appeared that boron, either in the form of boric acid or potassium 
borate, was capable of producing the injury. At harvest time, the highest 
applications of boron in this series which had not showed the injury was 0.56 
mgm. Potassium Borate Series VI was then run with a smaller variation in 
the concentrations of boron. Table 6 shows that the lowest concentration 
producing injury during this test was 0.43 mgm. This slight variation from 
the results secured in Potassium Borate Scries V might be due to the differ¬ 
ences in the environmental factors during the periods when the two series of 
cultures were grown. 

It is interesting to note that the lowest concentration of boron in the form of 
boric acid producing injury during the seedling phase of growth (0.53 mgHL) 
is very nearly the same as in the potassium borate series (0.43 mgm.). It thus 
appears that the borate ion produces the visible injury, and that the time 
required is correlated with the amount of boron present in the culture solution. 
The absorption of enough boron to produce visible injury on the leaves takes 
place in less time from the cultures containing the higher concentrations of 
boron. 

Relative influence of boron in the form of boric acid , potassium borate , and borax 

on visible injury 

In order to compare the relative influence of boron in various forms, a 
series of duplicate cultures was run to determine the time required for the 
injury to appear, and the relative degree of the injury at any given time in 
cultures to which the same amounts of boron had been added in the form of 
boric acid, potassium borate, and sodium borate or borax. The concentration 
of boron used in all cultures was 3 mgm. per liter of nutrient solution. The 
plants were grown in sand in percolators to which a continual renewal of the 
nutrient solution was made. 

In this series the injury occurred on all plants simultaneously, both on the 
first and second pairs of leaves. These results again show that the borate ion 
produced the toxicity. The extent of the injury, after its appearance up to the 
time of harvesting, was apparently the same on all plants at all times. Plate 1 
shows the type and the extent of the injury at harvest time on the first pair 
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of leaves of representative plants which received boric acid, potassium borate, 
and borax, respectively. 

The influence of boron on the development of the root system 

Warington (25) and Agulhon (1) have reported that some concentrations of 
boron, added in the form of boric acid to the water cultures, markedly injured, 
and others stimulated the root systems of plants. In the five series of plants 
under discussion no visible injury to the root system could be detected at any 
time except when the application of boron was so great that it killed, or re¬ 
tarded, the growth of the entire plant. In such cases the root systems of the 
injured plants were smaller, but in other respects similar to those not receiving 
boron. 


The stimulating influence of boron 

Agulhon (1) secured an increase in dry weight of wheat plants when boric 
acid was applied in small quantities ranging from 0.5 to 10.0 mgm. of boron 
per liter of synthetic culture solution. Boric Acid Series V showed some 
evidence of stimulation when either the green or the dry weights of tops, roots, 
or total plant were compared. This evidence, however, was not present in 
Boric Acid Series VI or in Potassium Borate Series V and VI. The dry weights 
of these three series showed only normal variations. In no case was there any 
visible evidence during the seedling phase of growth of any stimulation to the 
roots or tops due to boron, either in the form of boric acid or of potassium bor¬ 
ate. The plants in all control cultures appeared to be perfectly normal. 

THE INFLUENCE OF BORON ON SOYBEANS GROWN TO MATURITY IN SOLUTION 

CULTURES 

An analysis of the data already given on the influence of boron on the seed¬ 
ling growth of soybeans indicated that had harvesting been delayed beyond 
the flowering period, or had the plants been grown to maturity, smaller con¬ 
centrations of boron than 0.4 or 0.5 mgm. per liter of cultural solution would 
have produced injury. In order to determine whether this were true, two 
series of fourteen cultures each were started to which boron in the form of boric 
acid was added, and three series of fourteen cultures each to which boron in the 
form of borax was added. It was also desired to determine whether there were 
any stimulating effects in the advanced phases of growth of the plant, as no 
marked stimulation had been shown during the seedling phase. 

In all of these series the constant renewal method of solution change, as 
previously described, was employed. The plants of Borax Series IX were 
grown in sand in percolators. The concentration of boron was so arranged 
that the lowest producing toxicity during the seedling phase of growth was 
placed about midway in the series. It was thought that if any stimulating 
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influence was present it would show itself at a concentration just below or 
just above that which produced the appearance of the visible injury on the 
leaves. 

Boron was applied to the five series in concentrations ranging from 0.01 to 
2.50 mgm. per liter of the cultural solution. The individual applications of 
boron per culture are given in table 7. 

TABLE 7 


Cultures showing boron injury on the leaves when plants were grown to maturity 


CULTURE 

BORON PER LI TER 
OF NUTRIENT 
SOLUTION 

TIME ELAPSING BETWEEN THE APPLICATION OF BORON COMPOUND 

AND APPEARANCE OF INJURY FOR 

Boric Acid Scries 

Borax Series* 

VII 

VIII 

VII 

VIII 


mgm. 

day s 

days 

days 

days 

1 

0 


: 



2 

0 01 





3 

0 05 





4 

0 10 




46 

5 

0.20 

31 

37 

42 

40 

6 

0 30 

29 

26 

39 

39 

7 

0 40 

24 

26 

38 

c*> 

00 

8 

0 50 

28 

24 

33 

34 

9 ! 

0 60 

22 

22 

25 

25 

10 

0.70 

18 

18 

21 

21 

11 

0.80 

17 

17 

22 

21 

12 

0.90 

16 

15 

20 

20 

13 

1.00 

16 

16 

19 

19 

14 

2 50 

11 

11 

13 

13 


* Borax Scries VII and VIII were run at a different time from Boric Acid Series VII 
and VIII. 


Toxicity of boron as shown by visible injury to the leaves 

The same injury noticed during the seedling stage of growth, when boric 
acid and potassium borate were applied, was noted in all five of these series 
where boric acid and borax were applied. In about one and a half to two weeks 
after the application of the boron, injury appeared on the leaves where 2.5 
mgm. had been applied. A few days later the injury occurred where 1.0 mgm. 
had been applied, and from this time on until harvest the injury appeared in 
successive lower concentrations in all the series. In about four or five weeks 
the injury had appeared in cultures receiving 0.5 mgm. of boron. In about 
seven weeks the injury had occurred where as low as 0.2 mgm. of boron had 
been applied. The plants were harvested at maturity, when they were eight 
weeks old. The lowest application in Boric Acid Series VII and VIII and in 
Borax Series VII showing the injury was 0.2 mgm. In Borax Series VIII 
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and IX, 0.1 mgm. of boron showed the injury. It will be observed that down 
to a concentration of about 0.6 mgm, the injury in all series occurred 
simultaneously. 

Special attention is directed to the very small quantities of boron that are 
capable of producing the visible injury on the leaves—particularly small when 
compared with other substances, such as arsenic and copper salts, which are 
generally considered poisonous to plants. Hotter (14) has observed that the 
leaves of peas and maize were injured by applications of boric acid. He was 
able to detect injury with the equivalent of 1.7 mgm. of boron per liter of nutri¬ 
ent solution, which is about seventeen times as great as that found in this 
experiment. 

Relative influence of boron in the form of boric acid and of borax 

Hotter (14) has also reported that weight for weight, borax is less toxic than 
potassium borate, which in turn is less toxic than boric acid. The results 
secured in Boric Acid Series VII and VIII, and Borax Series VII, VIII, and IX 
confirm the results of Hotter. Borax carries less boron than potassium borate, 
which in turn carries less than boric acid. The data given in the tables re¬ 
ported in this group of experiments, where the plants were grown to matur¬ 
ity, indicate that boron compounds are toxic in proportion to the boron they 
carry. These data uphold the conclusions drawn from a comparison of the 
three boron compounds in the study of the seedling phase of growth of the 
soybean. On the other hand> Hazelhoff (12) working with corn, beans, and 
oats, found that injury increased faster with borax than with boric acid. 
Voelcker (24) has also reported more marked injury with borax than with 
boric acid. 

Description of the visible injury on the leaves 

The visible boron injury on the leaves of soybeans is very characteristic and 
is not easily confused with other forms of toxicity, such as injury due to an ex¬ 
cess of iron. It appears that the boron is continually being absorbed, and that 
very high concentrations cause the plant to turn yellow and die, but that lighter 
doses concentrate in the rapidly growing cells near the margin of the leaf, and 
cause their death. The injury may be noted first by the appearance of light 
colored, partly chlorotic tissue about two to three centimeters on each side of 
the leaf tip. These affected areas develop a day later into characteristic dark 
brown spots. An examination of these spots under the microscope shows that 
the largest number of dark injured cells, which later become transparent, are 
adjacent # to the very small veins. These spots usually originate about one- 
fourth of a centimeter from the edge of the leaf. (See Plate 1.) They never 
occur on the cotyledons, as is sometimes the case with other toxic conditions. 
With further development of the toxicity, spots may appear in the center of the 
leaf, but they always occur between the larger veins. It was also observed 
that these spots do not increase to much larger than half a centimeter in diame- 
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ter, and do not readily cross the larger veins. The dying of the tissue, particu¬ 
larly when the leaves are young, causes the edges to roll either up or down. 
The injured leaf may otherwise appear to be in a healthy condition until 
about one-half of the surface area of the leaf becomes affected; the leaf then 
turns yellow and drops from the plant. This shedding of the leaves, which 
was very noticeable in Boric Acid Series VII and VIII, probably removes from 
the plant considerable amounts of the toxic element. Whether this is of any 
particular value to the plant is questionable. It would appear (improbable, 
however, that once the toxic ion has been fixed in a group of cells in sufficient 
quantities to produce death it would again become soluble, and therefore toxic 


TABLE 8 

Average dry weight per plant of soybeans grown to maturity and nutrient solution 


CULTURE 

BORON PER LITER OF 

N U TR IE NT SOLUTION 

•boric acid 

AVERAGE SERIES VII 

AND VIII 

♦borax 

AVERAGE SERIES VII 

AND VIII 


tngm. 

gm 

gm. 

1 

0 

8 5511t 

5.7359 

2 

0.01 

9 8400 

7.6399 

3 

0 05 

9 3105 

6.7854 

4 

0 10 

9 2083 

6.5507 

5 

0.20 

11 4770 

6 1656 

6 

0 30 

8 8055 

7.8172 

7 

0 40 

12 0458 

9.0106 

8 

0.50 

11 1057 

7.7616 

9 

0 60 

10 6501 

7.4355 

10 

0 70 

10.5321 

8.8039 

11 

0.80 

8.7565 

6.6379 

12 

0 90 

10.5011 

5.9596 

13 

1.00 

12 1673 

8.6100 

14 

2.50 

12.2756 

8.3490 


* Borax Series VII and VIII were run at different periods from Boric Acid Series VII and 
VIII. Average of six plants, 
t Average of three plants. 


to other cells. Although the injury to the leaves gradually works its way up 
the plant, it never appears on the young, rapidly growing tissue. 

The influence of boron on the development of the root system 

A careful examination from time to time of the root systems of all series of 
plants grown in water culture showed no difference in any of the cultures. This 
confirmed the results which have been noted previously in the study of the 
seedling phase of growth, and is directly contrary to the results secured by 
Warington (25) with the broad bean at the Rothamsted Station. 

The influence of boron on the dry weights of plants 

The average dry weights of the plants of Boric Acid Series VII and VIII are 
given in table 8. It was observed, although the figures are not given here, 
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that only three cultures of the two series had a dry weight at maturity lower 
than the controls. Certainly the toxic influence of boron at any of the concen¬ 
trations used was not sufficient to injure the plant materially. In most cul¬ 
tures there was a material increase of dry weight over that of the controls. 

The average dry weights of the total plants of Borax Series VII and VIII, 
which are also given in table 8, show an increase over the checks for the cul¬ 
tures receiving boron. Only one culture of Borax Series VII and VIII showed 
a dry weight less than the control. 

In most of the work previously reported, the dry weights of plants have 
been taken as the index of toxicity. The results of these experiments indicate 
that boron is toxic in lower concentrations than is necessary to reduce the dry 
weight, and that the visible injury to the leaves is by far a superior method of 
indicating harmful effects on plant growth. 

The stimulating influence of boron 

The data in table 8 give the first marked indication, so far observed, that 
boron may be stimulating to plant growth. This stimulation is noticeable in 
both the boric acid and the borax series. The greatest individual dry weight in 
the boric acid series was secured with the highest concentration of boron ap¬ 
plied (2.5 mgm.) although this plant suffered the greatest from toxicity, as 
indicated by the visible injury to the leaves. The increase over the controls 
in the dry weight of all cultures receiving boron appears to be correlated with 
the increase of boron in the nutrient solutions, but the correlation is not very 
uniform. This also appeared to be true where borax was applied. 

Concentrations of 0.014 to 7.09 mgm. of boron per liter of nutrient solution 
appeared to be beneficial. It is well to emphasize that in all of the series 
reported in this paper, cultures containing as low a concentration of boron as 
0.01 mgm. per liter of nutrient solution were included. With one exception, 
all control plants of all cultures appeared to be normal healthy plants, and 
showed no characteristic dying, as noted at Rothamsted. Of course, it may 
be that the soybean is not influenced by boron as is the broad bean. Warington 
(26) did not secure the same results with barley as she did with the broad bean. 
Agulhon (1) is inclined to believe that boron is “a particular element ,, and that 
it may be required by particular groups of plants. 

The influence of baron on the shoot-root ratio 

Warington (25) found a decided drop in the shoot-root ratio of the broad 
bean in all cultures where the concentration of boric acid was favorable to 
plant growth. In those cultures where boron exerted a toxic influence, the 
ratio rises to about the same level as in the controls. Agulhon (1) has also 
noted a similar drop in the shoot-root ratio of wheat plants when grown in 
water culture solutions. Warington (25), however, could find no definite 
relationship between the shoot-root ratio of variously treated barley plants. 
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The shoot-root ratios of soybeans grown in the two Boric Acid Series VII 
and VIII, and of the two Borax Series VII and VIII were determined. It was 
observed from these data that no definite relationship can be shown between 
the shoot-root ratios of the variously treated cultures. It thus appears that 
the root and shoot of the soybean must be affected about equally by the boron 
compound. 

The influence of boron on the absorption of mineral elements 

Agulhon (1) and Warington (25) have both found an increase in the green 
weight value of plants with certain concentrations of boron. Agulhon (1) 
attributed this to an increase in the water-holding capacity of the plant, re¬ 
sulting from a state of over-mineralization induced by the absorption of boron. 
It was thought that if this were true, the percentage of ash of the various cul¬ 
tures would show this influence. Ash determinations, therefore, were made of 
Borax Series IX. These data showed that there is no relationship whatever 
between the concentration of boron in the nutrient solution and the amount of 
mineral elements absorbed. 


SUMMARY 

This piece of research was attempted in order to determine what influence 
boron exerts upon the growth of soybeans. Experiments were run to deter¬ 
mine the influence of boron on the germination of seeds and on the growth of 
soybeans grown in nutrient solution, sand, and soil. A comparative study 
was also made of the influence of boron when applied in the form of boric acid, 
potassium borate, and sodium borate or borax. 

A total of 78 germination tests were made. In addition, 136 nutrient solu¬ 
tion cultures, 54 sand cultures, and 54 soil cultures were grown. Altogether 
732 plants were grown to test out the influence of boron on plant growth. 
In some of the experiments the plants were harvested when they had reached 
their flowering stage, whereas in other experiments the plants were grown to 
maturity before harvesting. Some of the principal results secured from the 
study are as follows: 


Influence on germination 

1. The presence of as much as 250 mgm. of boron per liter in the soil (sand) solution 
entirely prevents the germination of soybean seed. 

2. The presence of as much as 30 mgm. of boron per liter in the soil solution is capable of 
delaying the germination of soybean seed. 

3. The presence of as much as 10 mgm. of boron per liter in the soil (sand) solution had 
such an influence upon germination that chlorotic, or partly chlorotic seedlings were produced. 

4. Sassafras loam soil has the power of absorption of boron, and of reducing the toxic 
action of boron compounds on germination. 

5 . The influence of boron on germination appears to be identical whether in the form of 
boric acid, potassium borate, or borax. 
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Influence of boron compounds on soybean plants grown in sand 

1. Visible injury to the leaves appeared on all cultures where as much as 1 pound of 
borax, or its equivalent, was added per acre. 

2. Boric acid, potassium borate, and borax reduced the dry weight of plants when ap¬ 
plied in quantities equivalent to 7.5 pounds, or more, of borax per acre. With potassium 
borate and boric acid this injury was shown when applications of 5 and 1 pounds, respec¬ 
tively, were made. 

3. Equivalent amounts of boron in the form of boric acid, potassium borate, or borax, 
produced about the same visible injury to the leaves. 

4. No marked stimulation to growth could be detected w 7 here boron compounds were 
applied to plants growing in sand. 

Influence of boron compounds on soybean plants grown in soil {Norfolk sand) 

1. Visible injury to the leaves appeared on all cultures where as much as 1 pound of borax, 
or its equivalent, was added per acre. 

2. All boron compounds tested reduced the dry weight of plants where applied in quan¬ 
tities equivalent to 1 pound of borax per acre. 

3. Equivalent amounts of boron in the form of boric acid, potassium borate, or borax, 
produced about the same visible injury to the leaves. 

4. No visible stimulation to growth could be detected w’here boron compounds were 
applied to plants growing in soil. 

Influence of boron on the seedling phase of growth of plants grown in nutrient 

solution 

1. Boron is toxic to soybeans, arid this toxicity manifests itself, where small quantities 
are present, in the form of a characteristic injury to the leaves; or where large quantities are 
present, in stunting or killing the plant. 

2. During the seedling phase of growth of soybeans, at least 0.4 to 0.5 mgm. of boron 
per liter of nutrient solution is toxic. 

3. The toxic influence of boron is practically the same whether it is in the form of boric 
acid, potassium borate, or borax. 

4. Boron is not necessary to the growth of soybean plants during the seedling stage 
of growth. 

5. No marked indication of any stimulating influence of boron could be observed. 

Influence of boron on plants grown to maturity in nutrient solution 

1. Boron when present in the nutrient solution in concentrations as low as 0.1 to 0.2 
mgm. per liter of the solution is able to produce visible toxicity on the leaves of soybeans. 

2. The toxicity of boron is practically the same whether it is added in the form of boric 
acid or borax. 

3. Boron is not necessary to the production of mature soybean plants. 

4. Boric acid, and to a lesser degree, borax, exerted a stimulating influence on soybean 
plants, the greatest stimulation appearing when 2.5 mgm. of boron per liter of cultural solu¬ 
tion had been used. 
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PLATE 1 

The Type and the Extent of Boron Injury on the First Pair of Leaves of Repre¬ 
sentative Plants Which Received Equivalent Quantities of Boron as Boric 
Acid, Potassium Borate, and Borax 
7, Boric acid; 2 , Potassium borate; 3, Borax 





ORGANIC MATTER CHANGES IN TWO SOIL ZONES, AS IN¬ 
FLUENCED BY DIFFERENCE IN FORM, FINENESS, AND 
AMOUNT OF CALCIC AND MAGNESIC MATERIALS 1 
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It is generally conceded that economic conditions of liming materials are 
followed by stimulation of bacterial processes. Such processes result in the 
oxidation of soil organic matter, with the production of nitrates and carbon 
dioxide. Determinations of residual nitrogen, “humus,” and organic CO 2 
have therefore been used to measure changes in organic matter. The subject 
of economic liming and its effect upon conservation of nitrogen and organic 
matter has been studied in this manner at the Tennessee Station for a 
number of years. Certain cowpea-wheat rotation experiments (6, 7) and 
certain cylinder studies (8) that have been reported are being continued. 
This paper arises from a detached 4-year lysimeter investigation, wherein 
organic matter changes were incidental to the major objectives of calcium and 
magnesium outgo, as such outgo was influenced by zone-of-incorporation and 
by variation in form and amount and degree of fineness of added calcic and 
magnesic materials. 

EXPERIMENTAL 

The major variation, that is, zone-of-incorporation, applied in the com¬ 
parisons among all materials. Hydrated lime at the rate of 2000 pounds 
of CaO per 2,000,000 pounds of soil, moisture-free basis, was compared with 
equivalent incorporations of 10—20-, 20-40-, 40-80-, 80-200-mesh and an 
equal-part composite of limestone and of dolomite, and also with equivalent 
CaO—MgO incorporations. Three fractional rates of 1000 pounds 500 pounds, 
and 250 pounds of CaO as Ca(OH) 2 , were also included. 

The experiment extended over the 4-year period, May, 1921 to May, 1925. 
The lysimeter equipment has been described, together with soil, method of 
treatment and materials used (4). Originally the entire mass of screened soil 
was thoroughly mixed to insure uniform composition. One addition was 
incorporated in the surface half or zone of each tank of one series, without 
treatment to the lower zone, whereas in another series each addition was in¬ 
corporated in the lower zone without any treatment to the upper zone. After 

1 The results were obtained by means of equipment donated by the American Limestone 
Company and through fellowship assistance provided by the National Lime Association. 
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4 years’ exposure to natural leaching, under fallow and without stirring, the 
two zones were taken up separately and dried. An entire 2-quart sample 


4*2 



hydrated lim CtaCMfeO liMStone Dolomite 


Fig. 1. 0rganic-C02 Changes Induced in a Loam Soil by Surface-Zone and Subsurface- 
Zone Incorporations of Ca(OH)*, CaO-MgO, 80-100-mesh Limestone and Dolomite 
at the Constant Rate of 2000 Pounds of CaO per 2,000,000 Pounds of Soil, 
Moisture-Free Basis, During 4 Years’ Fallow Exposure Without Stirring 

from each zone of each tank was ground to pass a 100-mesh sieve and carbonate- 
CO 2 was determined upon 100-gm. charges (4). Five-gram charges were 
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burned in an electric furnace, with precautions to preclude vitiation from 
volatile sulfur, chlorine, and nitrogen compounds. The total combustion- 
CO 2 determinations were corrected for the previously reported (4) carbonate- 
CO 2 results. 


TABLE 1 

Otganic-COi content of two soil zones of an originally uniform soil f as influenced by surface-zone 
incorporations of caustic and natural forms of calcic and magnesic materials 
and 4 years 9 exposure in out-door lysimcters 


TANK 

NUMBER 

MATERIALS 

ORGANIC CO 3 

form 

Mesh 

CaO~ 

per 

2 , 000.000 
pounds 
of soil 

Surface zone 

Subsurface zone 

Minus 
varia¬ 
tion of 
sub¬ 
surface 
zone 

A 

B 

Aver¬ 

age 

A 

B 

Aver¬ 

age 





per cent 

Per cent 

per cent 

per cent 

per cent 

per tent 

per cent 

80* 



None 



4 19* 

: 


OJ 

00 

* 

0.38 

81* 

Ca(OH) 2 


250 

4 04 

4 04 

4.04 

3 82 

3 83 

3 83 

0.21 

82* 

Ca(OH) 2 


500 

4 10 

4 12 

4 11 

3.82 

3 84 

3.83 

0 28 

00 

Ca(OH)* 


1,000 

4.10 

4 16 

4 13 

1 3 77 

3 79 

3 78 

0 35 

84* 

Ca(OH) t 


2,000 

3 98 

4 00 

3 99 

3 86 

3 86 

3 86 

0 13 

85* 

CaO-MgOI 


2,000 

4 20 

: 

4 20 

4 20 

3 73 

3 74 

3.74 

0.46 

86* 

CaO-MgOi 


2,000 

3 87 

3 88 

3 88 

3 82 

3 84 

3 83 

0 05 

88* 

Limestone 

10 - 20 

2,000 

4 05 

4 05 

4 05 

3.87 

3 89 

3 88 

0 17 

89* 

Limestone 

2(L 40 

2,000 

4 01 

4 02 

4 02 

3 82 

3 81 

3 82 

0 20 

90* 

Limestone 

40- 80 

2,000 

4 05 

4 03 

4 04 

3 83 

3 81 

3 82 

0.22 

91* 

Limestone 

80"200 

2,000 

4 05 

4 04 

4 05 

3 78 

3 80 

3 79 

0 26 

87* 

Limestone 

Comp 

2,000 

3 97 

3 98 

3 98 

3 78 

3 77 

3 78 

0.20 

93* 

Dolomite 

10- 20 

2,000 

4 11 

4 11 

4 11 

3 79 

3.76 

3 78 

0 33 

94 * 

Dolomite 

20- 40 

2,000 

4 04 

4 05 

4 05 

3 88 

3 84 

3 86 

0.19 

95* 

Dolomite 

40- 80 

2,000 

4.04 

4 06 

4 05 

3 86 

3 84 

3 85 

0.20 

96* 

Dolomite 

80-200 

2,000 

3 94 

3 96 

3 95 

3 74 

3 76 

3 75 

0 20 

92* 

Dolomite 

Comp. 

2,000 

4 05 

4 06 

4 06 

3.81 

3 82 

3 82 

0 24 

Average. 

4 05 



3 81 

0 24 


* Average of 6 determinations. 

t Burnt dolomite 46.53 per cent CaO and 32.85 per cent MgO. 
t Mixture of separately calcined oxides. 


DISCUSSION 

The organic-C02 data are given in tables 1 and 2 and condensed in graphic 
comparisons for the 2000-pound treatments in figure 1. 

Before results are discussed, it should be emphasized that the full rates of 
treatment were incorporated with one-half the entire mass of soil, so that the 
maximum rate of 2000 pounds CaO-equivalence per 2,000,000 pounds of soil, 
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or a percentage of 0.1 on the basis of the full depth of soil, was actually a rate 
of 2000 pounds per 1,000,000 pounds of soil, or a percentage of 0.2 when con¬ 
sidered on the basis of direct contact of the additions with one-half of the 
entire soil mass. In previous studies (3) the same soil received incorporations 
of burnt and hydrated limes and precipitated CaC0 3 , at the rate of 4000 

TABLE 2 

Organic-COi content of two soil zones of an originally uniform soil y as influenced by subsurface- 
zone incorporations of caustic and natural forms of calcic and magnesic 
materials and 4 year’s exposure in out-door ly si meters 



MATERIALS 

ORGANIC CO* 

TANK 

NUMBER 

Form 

Mesh 

CaO - 
per 

2 ,000.000 

Surface /one 

Subsurface zone 

Minus 
varia¬ 
tion of 


ixmnrls 
of soil 

A 

B 

Aver¬ 

age 

A 

B 

Aver¬ 

age 

sub¬ 

surface 

zone 





per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

80B 



None 



4 19* 

3 77 

3 78 

3.78* 

0.41 

81B 

Cal OH) 2 


250 

4 26 

4 23 

4 25 

3.77 

3.78 

3 78 

0 47 

82B 

CafOH)* 


500 

4 20 

4 17 

4.19 

3.73 

3 69 

3 71 

0 48 

83B 

Ca(OII), 


1,000 

4.06 

4 10 

4 08 

3 70 

3 72 

3.71 

0 37 

84B 

Cci(OH).» 


2,000 

4 14 

4 13 

4.14 

3 54 

3.58 

3.56 

0 58 

85B 

CaO-MgOf 


2,000 

4 09 

4 08 

4 09 

3 62 

3 65 

3 64 

0 45 

86B 

CaO-MgOJ 


2,000 

4 17 

4 18 

4.18 

3 73 

3 74 

3.74 

0 44 

88B 

Limestone 

10- 20 

2,000 

4 19 

4 17 

4 18 

3 80 

3.76 

3.78 

0 40 

89B 

Limestone 

20- 40 

2,000 

4 19 

4 17 

4 18 

3 78 

3 74 

3 76 

0 42 

90 B 

Limestone 

40- 80 

| 2,000 

4 12 

4 15 

4 14 

3.70 

3 71 

3 71 

0 43 

91B 

Limestone 

80-200 

2,000 

4 25 

4 27 

4.26 

3.70 

3 72 

3.71 

0.55 

87B 

Limestone 

( Comp. 

' 2,000 

4 18 

4 20 

4.19 

3.72 

3.76 

3.74 

0 45 

93 B 

Dolomite 

10- 20 

2,000 

4 21 

4 24 

4 23 

3 75 

3 79 

3 77 

0.46 

94B 

Dolomite 

20- 40 

2,000 

4 12 

4 08 

4 10 

3 72 

3.74 

3 73 

0.37 

95B 

Dolomite 

40- 80 

2,000 

4 07 

4 09 

4.08 

3 68 

3 72 

3 70 

0.38 

96B 

Dolomite 

80-200 

2,000 

4 12 

4.16 

4 14 

3 69 

3 71 

! 3 70 

0.44 

92B 

1 >olomite 

Comp. 

2,000 

4 23 

4 23 

4 23 

3.72 

3 74 

| 3.73 

0.50 

Average . 

4.16 



3.72 

0.44 


* Average of 6 determinations. 

t Burnt dolomite 46.53 per cent CaO and 32.85 per cent MgO. 
t Mixture of separately calcined oxides. 

pounds of CaO per 1,500,000 pounds of soil, or a percentage of 0.266. These 
earlier studies showed that all of the Ca(OH )2 and CaCOa derived from the 
burnt lime, hydrated lime, or calcium carbonate had disappeared before the 
end of 10 days. In the present case, it follows, therefore, that any changes 
induced by the caustic forms for the 4-year period must have come from ab- 
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sorbed CaO, rather than from any appreciable residues of hydroxide or carbonate 
forms, except during the first 10-day period. Moreover, the imposition of 
intensive conditions in the laboratory failed to demonstrate any chemical 
disintegration of organic matter, so that all decreases found in the present 
study are considered as the result of biochemical accelerations. 

Influence of surface-zone incorporations as measured by the surface-zone controls 

It will be noted that the surface-zone of the control gave an organic CO 2 
content of 4.19 per cent after 4 years, as compared with 4.12 per cent for a 
representative composite secured at the time the soil was placed in the tanks. 
Some oxidation of organic matter must have taken place in the upper zone. 
Such oxidation was probably at the minimum during the period when the 
direct rays of the sun were of maximum effect and when the upper surface was 
a dry crust too low in moisture for optimum bacterial activities. But, an 
actual increase in content over that of the original soil was found and must be 
accounted for. This may be due to two additive causes working jointly to 
offset and supplement the loss in original organic matter. The rainfall brings 
down a considerable amount of soot—as well as dust—which is retained upon, 
or near, the surface of the soil. No quantitative determinations of sootjin- 
crement have been made, but observations necessitate consideration of this 
factor. Some organic matter may have been derived from algae and lichens, in 
spite of the effort to prevent all plant growth. Gravitational adjustment of 
soil particles in the unstirred leached soil may also have been a vitiating factor. 
The final composition of the untreated soil may be considered as having in¬ 
cluded these factors, as near as it was possible to control them. In the follow¬ 
ing comparison from the data of table 1, surface zone variations will therefore 
be dealt with primarily on the basis of the final composition of the upper-zone 
of the exposed controls, rather than that of the original soil. 

Of the 16 treatments 15 caused results lower than the amount found in the 
exposed, but untreated, control. In the hydrated lime group the 2000-pound 
incorporation gave the lowest residual and greatest variation from the control. 
The 250-pound addition came next, with a difference hardly more than that 
to be permitted for experimental error, whereas the 500-pound and 1000- 
pound additions were practically identical, with some indication of decrease 
below the content of the exposed control. 

The burned dolomite treatment w r as the one exception which showed no 
difference from the control, but the corresponding oxide mixture showed a 
considerable decrease, one somewhat greater than that found for the chemi¬ 
cally equivalent hydrated lime treatment. 

Each of the limestone separates and the composite showed a diminished 
organic matter content. The average reduction for the group was 0.16 per 
cent. The differences between the several limestone separates were small, 
however, and no definite influence of degree of fineness was registered. In 
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general the same obtains for the dolomite group, although the inactivity of the 
10-20-mesh separate is definitely established as compared with that of the 
80-200-mesh separate. The 5-unit average for limestone is practically identical 
with that for dolomite. There were found, therefore, no outstanding differ¬ 
ences which could be attributed to variation in degree of fineness, nor to 
differential influences exerted by surface-zone incorporations of the two types 
of limestone. 

Influence of surface-zone incorporations upon subsurface-zone changes 

The data of table 1 also show that, for every treatment, the subsurface-zone 
content was less than that of its respective overlying treated zone, but the 
same variation was found also for the controls. The subsurface-zone of the 
exposed untreated tank shows an organic matter content 0.38 per cent less than 
that of its overlying zone and 0.31 per cent less than the original soil of initial 
uniform composition. This disparity was larger than that found in any of the 
16 treatments, with one exception. As a whole the entire 16 treated tanks 
show a marked uniformity of lower-zone content and their average is identical 
with the residual content of the untreated control. It thus appeared that the 
amounts of alkali-earths which have passed from the upper zone and which 
have been fixed in the lower zone have not induced acceleration of biochemical 
processes in the lower zone. 

The moisture content of the lower zone is nearly always greater than that of 
the upper-zone during the seasons when bacterial activities are most pro¬ 
nounced. Moreover, the lower-zone was never subject to the direct rays of 
the sun during the 4-year period. Brown (1) and King and Doryland (2) 
have shown that bacteria may be expected to be more abundant and physio¬ 
logically more active in the second 4 inches of the surface soil. These factors 
are most probably responsible for the greater oxidation shown as a zone in¬ 
fluence, without additive treatment. 

Influence of subsurface-zone incorporations upon surface-zone changes 

The data of table 2 show that in 4 of the 16 tanks, which received subsur- 
face-zone treatment but no additions to the upper-zone, the organic matter 
content of the upper zone at the end of 4 years was slightly greater than that 
of the upper-zone of the exposed no-treatment tanks. However, 12 of the 
tanks showed a gain over the content of the original soil. In 5 of the 12 cases 
which showed an amount less than the exposed control, there was an analytical 
variation of only 0.01 per cent, whereas in the remaining 7 tanks the maximum 
disparity was 0.11 per cent. No definite variation therefore appeared to justify 
the assumption that underplaced caustic and carbonate treatments produced 
differential effects upon the overlying untreated zone. The average of the 3 
fractional treatments of hydrated lime—250 pounds, 500 pounds, and 1000 
pounds—the three 2000-pound caustic treatments, and the 10 limestone and 
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dolomite treatments shows a 4.16 per cent content against 4.19 per cent for the 
soil which received no treatment in either zone. It is thus apparent that no 
ultimate decrease in organic CO 2 was produced in the upper zone as a result of 
the lower-zone incorporations. 

Influence of subsurface-zone incorporations as measured by the subsurface- 

zone controls 

The final organic matter content of the lower zone of the control was identical 
with that of each of the tanks which received lower-zone incorporations of 
hydrated lime at the 250-pound rate and limestone and dolomite of 10-20- 
mesh fineness. The 500-pound and 10(X)-pound rates of hydrated lime showed 
an identical disparity of only 0.07 per cent, whereas the maximum minus 
variation induced by any one of the 8 limestone and dolomite separates and by 
the CaO-MgO mixture was 0.08 per cent. The burned dolomite and CaO- 
MgO mixture registered 0.14 per cent and 0.04 per cent, respectively, less than 
the control, whereas the maximum decrease of 0.22 came from a chemically 
equivalent addition of hydrated lime. It has been pointed out that this 
hydrated lime incorporation was fixed by the soil in less than 10 days, and that 
only the finer limestone separates had been completely disintegrated (4) after 
4 years, so that the somewhat greater decomposition must be attributed to 
initial influences resultant from greater availability and more rapid assimila¬ 
tion. In other words, practically the full amount of the hydrated lime in¬ 
corporation was quickly “fixed” (5) and effective throughout the entire 4-year 
period, whereas the limestone incorporations were not; varying fractions of the 
several limestone incorporations were, in a sense, inert during their persistence 
as undistintegrated particles. The average of all 16 additions, 13 of which were 
at the same rate, amounted to 3.72 per cent, as compared to 3.78 per cent 
where no addition was made to either zone. 

Comparison of all surface-zone units, with and without incorporations 

In table 1 the changes induced by the 16 surface-zone incorporations are 
given, whereas table 2 gives the same number of units which were subject to no 
alkali-earth increments, except any which might have moved upward from 
the lower zone of incorporation. It has been shown that surface-zone additions 
induced no decrease in subsurface-zone organic matter and that subsurface- 
zone incorporations failed to decrease the organic matter content of the un¬ 
treated upper zone. Comparisons may therefore be made between the 16-unit 
series to which additions were made in the upper zone and the corresponding 
series where no surface-zone incorporations were made. These respective 
comparisons are given in condensed form for the 2000-pound CaO-equivalent 
incorporations in figure 1. The more extensively decomposed and “fixed” 
(5) 80-200-mesh limestone and dolomite separates are utilized. In the case 
of the no-treatment surface group, 87B-91B, the closely agreeing units were 
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averaged. When the results from the surface-zone, to which the different 
additions were made, are compared with the results from the same zone with¬ 
out additions, some stimulation in oxidation of soil organic matter was regis¬ 
tered by 14 of the 16 treatments, if it may be assumed that the same increment 
of organic matter came to each tank from rainfall and restricted growth of the 
lower forms of plant life. The reverse obtained, though to an extent of only 
0.05 per cent, for the 1000-pound CaO-equivalence of hydrated lime and 
also, to the extent of 0.11 per cent, for the burnt dolomite addition. As an 
average of all fractional and full treatments, the alkali-earth additions gave 
organic COa residuals 0.13 per cent less than the average given by the 16 tanks 
where the surface-zone was untreated. The thirteen 2000-pound surface- 
zone incorporations gave fairly uniform residuals. The same holds for the 
13 corresponding tanks where no incorporations were made in the upper-zone. 
If the difference found between their respective averages of 4.03 per cent and 
4.16 per cent shows an actual loss of 0.13 per cent for the 4-year period, or an 
annual loss of 0.0325 per cent, such a small loss would probably be offset by 
organic matter derived from crop residues. 

Comparison of all subsurface-zone units , with and without incorporations 

The foregoing basis of comparison may also be applied to the lower zone. 
Each addition gave an apparent enhancement in oxidation of the lower-zone 
organic matter. In some cases the enhancement is relatively small. The 
minimum for the limestone series was 0.04 per cent and the maximum0.ll 
per cent for the composite and 40-80-mesh product, respectively. Correspond¬ 
ing extremes of 0.01 per cent and 0.15 per cent obtained for the 10-20-mesh 
and 40-80-mesh separates of dolomite. No positive relation between rate of 
treatment and increase in oxidation showed for the 250-, 500-, and 1000-pound 
CaO additions, whereas the two CaO-MgO supplements were practically identi¬ 
cal. The greatest enhancement of all came from the 2000-pound CaO-equivalent 
incorporation of hydrated lime, where the increased oxidation in the lower-zone 
over that of the upper-zone amounted to 0.30 per cent. This represents prac¬ 
tically the same effect as that registered by the hydrated lime in the upper zone. 
The grand average of the 16 subsurface-zone residues, where no additions were 
made to the lower zone, was 3.81 per cent against 3.72 per cent as a correspond¬ 
ing average from the 16 subsurface-zone incorporations, i.e., an average in¬ 
crease of 0.09 per cent in oxidation as a result of additions. A similar com¬ 
parison of averages for the thirteen 2000-pound incorporations gives an 
increase of 0.10 per cent attributable to the average accelerative effect from the 
subsurface-zone incorporations. 

Zone effect versus influence of additions 

From the comparison of surface-zone incorporations with the untreated 
exposed control, it appeared that 15 of the 16 treatments caused some enhance- 
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ment in oxidation of organic matter; but from an inter-zone comparison for 
each of these tanks, it developed that the subsurface-zone conditions minus 
additions were more conducive to oxidation than were the surface conditions 
plus treatment. The average for the subsurface-zone-condition effect with¬ 
out incorporations over that of the surface-zone effectplus treatments amounted 
to 0.24 per cent. This constitutes an absolute zone-basis loss of 2400 pounds 
or 4800 pounds upon the full 2,000,000-pound basis. It has been pointed 
out that this greater loss in the lower zone is not to be attributed to any accel¬ 
eration induced by influx of alkali-earths from the several treatments in 
the upper zone, since the disparity between the final contents of the two zones 
in the two untreated exposed controls was greater than analogous disparities 
in 15 of the 16 incorporations. 

From the data of table 2 it appears that the combined factors of alkali-earth 
treatment and more favorable conditions for bacterial activities in the lower- 
zone were responsible for an average disparity of 0.44 per cent in comparison 
with the average of all exposed no-treatment upper-zone units. This disparity, 
however, represents the differential from a grand no-treatment surface-zone 
average which showed very little deviation from the organic-CO> content of the 
exposed control. In the several individual disparities used to obtain this 
average, each minus variation was larger than its corresponding one in table 1. 
It has been pointed out that for any oxidation which occurred in the surface 
zone there was an apparent offset from organic matter increments, or gravita¬ 
tional adjustment. 

The maximum differentials between subsurface-zone and surface-zone activi¬ 
ties came from the 2000-pound hydrated lime treatment and from the 80-200- 
mesh limestone separate. The other treatments do not show sufficiently 
great nor consistent differences to warrant special stress. 

The average effect of the thirteen 2000-pound surface-zone incorporations 
was to produce an oxidation 0.14 per cent in excess of that which took place 
in the untreated soil, so that the full average oxidative increase exerted in the 
lower zone, per se and minus contact treatments, was therefore found to be 
0.38 by the two calculations 4.19 — 4.05 + 0.24 = 0.38 and 4.19 — 3.81 
= 0.38. Similar calculations of 4.19 — 4.16 + 0.44 = 0.47 per cent and 4.19 
— 3.72 = 0.47, give the greater average oxidation exerted by the lower zone 
plus contact treatments. An average value of 0.09 per cent is thus obtained 
as representing the accelerative oxidation exerted by a 2000-pound CaO- 
equivalent during the 4-year period. Again, from the 4.03 per cent average 
for the thirteen 2000-pound CaO-equivalent incorporations in the surface- 
zone and the corresponding 4.16 per cent surface-zone average in the series 
which contained no surface-zone incorporations, it appears that the lime 
incorporations produced an average organic C0 2 decrease of 0.13 per cent in 
the surface zone during the 4-year period. As a general conclusion, it may be 
said that an average annual decrease of from 0.025 to 0.03 per cent organic 
CO 2 occurred as a result of the lime additions, irrespective of zone of incorpora- 
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tion. This may be considered as fairly representative of the value of all 
2000-pound incorporations, with the exception of the hydrated lime to which a 
higher value should be given. 

As a salient point, it may be stressed that the zone influence effect upon 
biological conditions appears to have been a more potent factor than 
ameliorents, for this particular soil. 

SUMMARY 

Determinations of organic matter changes in surface-zone and subsurface- 
zone samples from 34 lysimeters are given to show the influence of surface- 
zone and subsurface-zone incorporations of 2000-pound and fractional 
incorporations of hydrated lime and 2000-pound CaO-equivalences of burnt 
dolomite, separately calcined mixtures of CaO and MgO, 4 separates and their 
equal-part composite of limestone and of dolomite after a period of 4 years’ 
exposure without crops and without stirring. 

The final organic C0 2 content of the surface-zone of the untreated exposed 
soil was somewhat greater than that of the original soil, whereas the subsur¬ 
face-zone content was decidedly less. This offset to surface-zone oxidation 
was attributed to the combined agencies of soot depositions, and algae and 
similar growth upon the upper crust and to possible gravitational readjustment 
of soil particles. The marked loss was att ributed to greater bacterial activities 
induced by the more moist conditions of the lower zone, during the period of 
maximum bacterial activity, and by the absence of any direct sunlight. 

Of the 16 surface-zone incorporations, 15 showed oxidation of organic matter, 
on the basis of the content of the exposed untreated control. The decreases 
induced by the 4 rates of hydrated lime were not extensive, nor in proportion 
to the rate, although the maximum rate gave the maximum decrease. 

No positive differences in organic-C0 2 residues were found to be attributable 
to variation in fineness of limestone in the surface-zone, and although some 
variation was noted between the coarsest and finest of the dolomite separates, 
the group averages for the two limestones were identical. 

All untreated subsurface-zones were found to be of lower organic matter 
content than their corresponding overlying treated zones, although in 15 of the 
16 treatments the differences were less than the zone variation found in the 
controls. This uniformity in lower-zone composition shows that no appre¬ 
ciable activation was induced by calcium-magnesium leachings from the 
incorporations made to the upper zone. 

No evidence was adduced to show that subsurface-zone incorporations had 
any accelerative effect upon oxidation of surface-zone organic matter. 

With the exception of two of the 2000-pound caustic additions, no marked 
variation from the control was obtained, nor was any influence of fineness 
shown for lower-zone incorporations. 

Of the 16 surface-zone incorporations, 14 gave organic matter residues which 
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were less than their respective surface-zone analogues in which no incorpora¬ 
tions were made. 

Each of 15 of the 16 subsurface-zone incorporations resulted in a decrease in 
organic matter beyond that of its corresponding subsurface-zone where no 
incorporation was made, the maximum variations having been produced by 
the 2000-pound rate of hydrated lime and its equivalent of 80-200-mesh 
limestone. 

In general, the accelerative effects of the liming materials were comparable 
in the two zones. 

The zone-influence appeared to be more potent than that of alkali-earth 
incorporations in producing oxidation of the organic matter of this particular 
soil under fallow conditions without stirring and with only natural rain water. 
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Soil colloids swell when they take up water. The question is, however, does 
the total or absolute volume of the colloids and water considered together, 
increase or decrease when the dry colloids are brought in contact with water. 
If the absolute volume increases, it indicates that the swelling is greater than 
the volume of water taken up in the process; if the absolute volume decreases, 
it indicates that some of the water adsorbed in the swelling process has been 
compressed; if, on the other hand, the absolute volume remains unchanged, 
it would logically seem that the swelling of the colloids is equal to the vol¬ 
ume of water taken up, and that the colloid has not expanded additionally, nor 
has the water contracted or been compressed. It is the object of this paper 
to present experimental data bearing upon these points. 

PROCEDURE ANI) METHODS 

Three different and distinct methods were tried in measuring the volume 
changes that take place when dry soils or colloids, are brought into contact with 
water. The first method consisted of rolling puddled soil into certain size 
pellets, drying them, then dipping them a few times in gelatine solution until 
a good coating of gelatine was formed around their surface and drying them 
again either in room temperature or in an oven at 110°C. temperature. These 
pellets were then dropped into a dilatometer containing water, which was 
maintained at a definite temperature in a bath, usually at 20°C. This dilatom¬ 
eter was quickly stoppered and placed back in the constant temperature 
bath and the readings on the dilatometer stem were taken regularly until 
they became constant, which indicates that the dilatometer contents have 
attained the temperature of the bath. Inasmuch as the dry gelatine does not 
dissolve at 20°C. and the water could not penetrate it in the short time required 
for the attainment of equilibrium, the soil in these pellets remained dry. In 
order that the soil might come in contact with the water, the dilatometer with 
its contents was placed in a water bath having a temperature of about 35°C., 
and kept there for a few minutes until the gelatine coating began to dissolve 
and the water to penetrate the soil. The dilatometer was then brought back 
to the original temperature, allowed to attain equilibrium with the original 
temperature, and the readings were taken again. With the knowledge of the 
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readings before the dilatometer was placed at the higher temperature bath and 
after it was brought back to the original temperature bath and equilibrium 
attained, any differences could be easily ascertained. Inasmuch as the gelatine 



Fio. 1 . Dilatometer for Measuring Volume Contraction of Soils When Wetted 

with Water 

also takes up water, allowance for this error was made in the final calculations 
of the results. 

The second method consisted of placing a certain quantity of dry soil in a 
dilatometer, covering it with a layer of dry mercury, then filling the remainder 
of the dilatometer with water and stoppering it. The mercury being heavier 
than water, prevented the water from coming in contact with the soil until the 
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desired time. This dilatometer was then placed in a constant temperature 
bath until equilibrium was reached, and the reading on the stem was recorded. 
Then the dilatometer was tilted, allowing the water to come in contact with the 
soil. After the soil was thoroughly wetted, the apparatus was allowed again 
to come to equilibrium in the constant temperature bath and the final reading 
again recorded. Provided no errors entered in the experiment, any differences 
in the two readings should show contraction or expansion in the absolute volume, 
due to wetting of the soil colloids with water. 

Although both of the foregoing methods gave results which were interesting 
and significant and indicated that a change did take place in the volume when 
soils and water were brought in contact with each other, yet these results did 
not possess as great accuracy as was desired. One of the features which seemed 
to introduce a considerable error in the results was the air contained in the soil. 
On account of its compressability and certain other properties, the air enclosed 
either in the pellets or under the mercury layer seemed to introduce a definite 
and variable error. 

To overcome this difficulty, it was decided to devise a new method, wherein 
the factor of soil air was entirely eliminated. Accordingly, the next or third 
method that was employed consisted of placing a definite quantity of soil in 
the dilatometer, drying it in an oven at 110°C. for 24 hours, then quickly but 
gently pouring into the dilatometer sufficient carbon tetrachloride to cover the 
soil. Then with a glass rod the soil mass was stirred and the air was all dis¬ 
placed by the organic liquid. The dilatometer was then filled with water, 
stoppered, and placed in a constant temperature bath, and after equilibrium 
was attained, it was tilted allowing the water and the soil to come into intimate 
contact. The readings before and after the soil and water were mixed showed 
the differences, if any, that occurred in the volume. 

This method worked remarkably well. As carbon tetrachloride is heavier 
than water, the latter could be prevented from coming into contact with the 
soil before the desired time; carbon tetrachloride penetrates the soil mass 
sufficiently to displace completely all the air present, and the water in turn 
displaces this carbon tetrachloride so that the reaction taking place between 
the soil and the water is the same as though the soil were never treated with 
carbon tetrachloride or as if this liquid were not present. In view of all these 
facts, the method is exceedingly accurate, simple, and practical, and is prob¬ 
ably most exceptional for investigations of the type herein described. 

It might be argued that if the carbon tetrachloride wets the soil so as to dis¬ 
place the air from its pores and from around its particles, the water probably 
cannot wet the soil completely and consequently probably there cannot be the 
same kind of reaction as if the organic liquid were not present. However, 
experiments conducted during this investigation as well as those reported in 
previous publications (1) show that the presence of the carbon tetrachloride has 
absolutely no adverse effect on the reaction between the soil and water, 
especially in the case of the mineral soils. For instance, if water is added to 
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soils, except muck and peats, in the dry condition, while they are immersed in 
carbon tetrachloride or ligroin, the amount of heat evolved is practically the 
same as in water alone. This most interesting and significant fact indicates 
that the specific attraction of the solid materials for water is not destroyed by 
the presence of carbon tetrachloride or ligroin; and that this attraction will 
penetrate a solid film of carbon tetrachloride or ligroin to reach the water and 

TABLE 1 

Relationship between volume of contraction when soils are wetted with water and their respective 
colloidal content and heat of wetting values 


SOIL 


Sand. 

Fresno Sand Loam 
Hillsdale Sand Loam A 2 

Hillsdale Sand Loam Bj . 

Hillsdale Sand Loam B 2 . 

Napanee Silt Loam Ai. 

Napanee Silt Loam C 

Mich. Silt Loam . ... 

Ohio Silt Loam .. .... 

Tenn. Silt Loam. . 

Minn. Carrington Silt Loam. 

Ill. Bloomington Clay Loam... 

HI. Urbana Clay Loam 

Calif. Yolo Loam . . . 

Calif. Yolo Clay Loam . 

Calif. Yolo Clay. 

Ontonagon Silt Loam A t . 

Ontonagon Silt Loam A 2 . 

Ontonagon Clay Bj. 

Colloids from Ontonagon Silt Loam A 1 .. 
Colloids from Ontonagon Silt Loam A- .. 
Colloids from Ontonagon Clay Bi ... 

Muck . 

Silica Gel. 

Fullers earth. . . 

Ontonagon Clay Bi (moist).... 


VOLUME 
OF CON¬ 
TRACTION 
PER 

100 CM 

COLLOIDAL 

CONTENT 

HEAT OF 
WETTING 
PER (.RAM 

COLLOIDAL 

HEAT 

VOLUME OF 
CONTRAC¬ 
TION 

VOLUME or 
CONTRAC¬ 
TION 

CC. 

per cent 

calories 



0 033 

1 

0 350 

30 30 

5.30 

0 216 

18 00 

1 120 

83 30 

5.18 

0 206 

15 73 

0.930 

76 35 

4 51 

0 240 

18 70 

1 190 

77 50 

1 4 95 

0 233 

20 42 

1 240 

87 60 

5 32 

0 550 

35 57 

1 960 

64 67 

3 56 

0 337 

50 76 

1 990 

150 60 

5 90 

0 593 

39 04 

3 600 

65 80 

6 58 

0.433 

35 00 

2 109 

80 80 

4.87 

0 616 

32 41 

2.450 

52.61 

3.97 

2 533 

56 44 

9.340 

22 28 

3.69 

1 633 

40 00 

4.460 

24 49 

2 73 

1 570 

41 95 

3 640 

26 71 

2 31 

1 066 

48 49 

4.490 

45 48 

4.21 

1 350 

59 54 

5 930 

44.10 

4 39 

1 330 

58 34 

6.430 

43 89 

4.83 

0.850 

60 65 

3.940 

71.35 

4 63 

0 940 

57.60 

4.230 

61.27 

4 50 

0 9033 

70 00 

6 600 

77.49 

7.30 

1 733 

100 00 

9 600 

57.70 

5.53 

1 430 

too 00 

9.660 

69.93 

6 75 

1 533 

100 00 

10.420 

65.23 

6.79 

4.666 


30.100 


6.45 

1.620 


24.500 



4 266 


16.000 



0 

70.0 





thus satisfy itself. The distance to which this force will be felt, even through 
an intervening solid film of another liquid, is considerable. 

Hence any objection that might be raised against the use of carbon tetra¬ 
chloride in the present experiments seem to be set aside by actual tests. 

The dilatometer apparatus used is shown in figure 1. It consists of two 
parts, the bulb and the stem. The bulb has a capacity of 100 cc. The stem 
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is a 2-cc. pipette which is calibrated to 0.01 cc. and the readings can be esti¬ 
mated to a smaller value than that. The mouth of the bulb was stoppered 
with cork or rubber, both of which proved satisfactory. 

EXPERIMENTAL DATA 

In table 1 are presented the experimental data obtained on the volume 
changes when soils dried at 110°C. for 24 hours, are brought in contact with 
water, by the third method. The amount of soil used in all cases, was 30 gm., 
calculated on the absolute dry basis. The figures presented herewith, however, 
are calculated on the basis of 100 gm. of soil. The figures show the amount 
of contraction, in cubic centimeter that the original volume underwent, when 
the water and the soil were brought into intimate contact, or when the soil was 
perfectly wetted and saturated with water. 

An examination of the data in the above table reveals immediately many 
most interesting and significant facts. In the first place it shows that when 
oven-dry soils are wetted with water a contraction takes place. The volume 
of this contraction varies markedly with the different soils—0.033 cc. per 100 
gm. of soil in the case of sand, 0.616 cc. in Tennessee silt loam, 1.350 cc. in 
Yolo clay loam, 2.533cc. in Carrington silt loam, and 4.666cc. in muck. Appar¬ 
ently, the soils that tend to give the smallest value of contraction are the light 
soils, especially the sand; and the soils that tend to give the highest value of 
contraction are the heavier or colloidal types of soil and the organic soils. Of 
all the materials used, muck gave the highest value, with Fullers earth coming 
next in order. From the results with muck, it would be logical to conclude that 
soils containing considerable amounts of organic matter would yield a corre¬ 
spondingly larger value of contraction, and such appears to be the case as 
evidenced by the results with Minnesota Carrington silt loam, and with Illinois 
Bloomington clay loam. The interesting thing to be noticed is that 
mineral soils with organic matter give as great or greater values of contraction 
as pure colloids extracted from mineral soils. For instance, the colloids ex¬ 
tracted from the Ai, A?, and Bj horizons of the Ontonagon soil, which is classed 
as silt loam in the first two horizons and as clay in the last, do not show any 
greater volume of contraction than do some of the soils containing various 
amounts of organic matter. On the other hand, the colloids gave almost twice 
as great volume of contraction as the corresponding soils from which they were 
extracted. In this connection it is of much interest to ascertain what relation¬ 
ship there really is between the volume of contraction, colloidal content, and 
heat of wetting of the different materials used. This relationship is represented 
in table 1, which contains the values for contraction colloidal content as deter¬ 
mined by the heat of wetting method, and by the heat of wetting values. 

By comparing first the colloidal content with the volume contraction in 
table 1 it is seen that there is a general relationship, but not always a very 
dose one, between them. There is a general tendency for soils with the largest 
amount of colloidal material to give the greatest amount of volume contraction, 
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but there are some exceptions. For instance, the Ai horizon of Napanee silt 
loam has 35.51 per cent of colloidal material and shows a volume contraction of 
0.550 cc., whereas the C horizon of the same soil has 50.76 per cent of colloidal 
material and shows only 0.337 cc. of volume contraction. There is, of course, 
a reason for this discrepancy. The C horizon contains a very high content of 
carbonates and has not undergone the extreme weathering process that the 
above horizons have. Furthermore, the Ai horizon of this soil contains some 
organic matter which tends to destroy any close relationship. Possibly the 
two factors that tend to prevent a very close relationship between the volume 
of contraction and colloidal content, are differences in organic matter content 
and in activity or state of hydration of the materials. 

By considering next the volume contraction with the heat of wetting, it will 
be readily seen that there is a rather close relationship between them. Indeed, 
the ratio ranges from 2.31 to 7.30 between the mineral soils and from 2.31 to 
6.45 between the lowest value in the mineral soils and muck. Apparently, 
this is a little closer relationship than that between the volume contraction 
and the colloidal content. 

The question now is, what causes the contraction in volume when absolutely 
dry soils are wetted with water. 

A comprehensive consideration indicates that the volume contraction in 
the case of the soils, is due to two chief factors ( a ) chemical hydration of water 
and (b) physical compression of water. Of the two, the last is probably of the 
greatest importance. In both cases, however, there is a condensation of 
water and consequently a decrease in the original volume. 

One of the strongest evidences that the volume contraction is due to the 
above factors, is the heat evolved when dry soils are wetted with water. The 
evolution of heat of wetting represents an expenditure of energy on either one 
or both of the reacting materials. Since the soil colloids, which are mainly 
responsible for the heat of wetting, are comparatively insoluble, practically 
the entire expenditure of energy must be at the expense of the water alone. 
This expenditure of energy on the part of the water also represents a trans¬ 
formation in its state of aggregation, probably from the liquid to the solid or 
semi-solid phase. In the case of solid materials, such as soil colloids, which 
adsorb water as film on their surface, the film must be under great compression, 
and probably approaches the solid state of aggregation. The force with which 
the effective water film is adsorbed and probably compressed, amounts to 
more than 150,000 atmospheres per 100 gm. of soil, as shown in previous inves¬ 
tigations (2). This water thus compressed must be represented, therefore, 
in the volume contraction under consideration. 

But how is the general notion explained that soil colloids swell when they 
take up water, if there is an actual decrease in the original total volume? The 
general notion takes into consideration the volume of the soil alone and not 
that of the total volume of the soil and water together. It is true that the 
apparent volume of soil colloids increases when they absorb water, but this 
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increase or expansion is due to the water they take up or imbibe. The greater 
the amount of water the material will imbibe, the greater its expansion should 
be. In this connection it is interesting to observe that of all bhe soil constitu¬ 
ents, the organic matter undergoes the greatest swelling when it takes up 
water. Yet it has been seen in the present investigation that muck and soils 
containing organic matter caused the greatest amount of contraction of the 
absolute original volume. It would appear very suggestive, therefore, that 
there might be a connection between the amount of water that is compressed 
and the apparent swelling of the material. 

A few observations made during the course of the investigation might be 
mentioned here. If the soil contained its normal volume of air, there would 
always be an increase instead of a decrease in the volume when the soil was 
wetted with water. The increase in volume would vary with the amount of 
air present. When the air, however, was displaced, as was done by carbon 
tetrachloride, then the volume always decreased and the results could be 
repeated almost exactly. Another fact observed was that when the soils were 
brought into contact with water after being immersed under the column of 
carbon tetrachloride, the mineral soils would wet with water almost instantane¬ 
ously, but the mucks, peats, and soils containing high organic matter would 
wet very slowly—a complete wetting would finally take place, such as in the 
mineral soils, but it would take longer. The length of time, however, was 
considerably shortened by shaking the contents. 

SUMMARY 

An investigation was conducted to ascertain the volume changes that take 
place when absolutely dry soils are wetted with water. 

A specially constructed dilatometer was employed for measuring these 
volume changes. 

It was found that when absolutely dry soils are wetted with water, the origi¬ 
nal volume of the soil and water is decreased. This volume contraction varies 
with the different soils. The organic matter constituent tended to give the 
greatest volume contraction. 

An examination was made to ascertain what relationship this volume con¬ 
traction has to the colloidal content, to the organic matter content, and to the 
heat of wetting phenomenon. The results showed that the volume contrac¬ 
tion has a very close relationship to the organic matter content and to the heat 
of wetting phenomenon. It also has a relationship to the colloidal content, 
but this is not so consistent and so close as in the other two cases. 

Although soil colloids expand when they take up water, the total volume of 
the colloids and water considered together, undergoes a contraction. 

This contraction in the volume is attributed principally to the condensation 
of some of the water on the surface of the soil particles or colloids. A small 
portion may also be due to hydration. 
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The response of some soils to lime has been known and liming for soil im¬ 
provement has been practiced for a long time. Although the Ca ion is one of 
the essential plant constituents, lime has not been applied as its source. 
Until quite recently the sole object in liming soils has been to neutralize the 
acids in the soils; the real function of lime, notwithstanding the voluminous 
researches, has long remained obscure. Only after the factors involved in 
the process of base exchange were determined and after the lime problem was 
attacked from the physico-chemical standpoint has the solution heen ap¬ 
proached. 

It has been pointed out (5) that, from the standpoint of crop producing 
power, soil constituents may be grouped into two broad divisions: active 
and passive. The passive consists of that portion of the soil which is prac¬ 
tically inert as far as the immediate fertility of the soil is concerned: it serves 
the purpose of mechanical support. In the process of weathering, some of 
the representative classes of this passive division, like the feldspars, slowly 
disintegrate from the surface. The disintegration products replenish the 
active division in which the life of the soil is concentrated. It is this active 
division that comprises what is known as the soil “complex capable of base 
exchange.” The hydrated aluminum silicates with replaceable Ca, Na, K, 
and sometimes Mg and H are representatives of this complex. To this 
portion belongs also that class of humus compounds which are capable of 
forming complex humates of Ca, Mg, Na, K, or H. It is within this division 
of the soil make-up that most of the reactions in relation to release and reten¬ 
tion of plant-food take place. This active portion is chiefly of colloidal nature 
and is therefore sometimes referred to as the “colloidal fraction” of the soil. 

Capacity for base exchange is an inherent property of every soil and is 
practically constant unless the soil undergoes drastic treatments that cause 
deterioration, as shown below. Whenever a soil undergoes cropping, with 
or without fertilization, the qualitative relationships, but not the capacity, 
of the various cations in the soil complex capable of exchange varies. If 
hydrogen ions predominate in the complex, the soil becomes unsaturated and 

1 Paper No. 292 of the Journal Series, New Jersey Agricultural Experiment Stations, De¬ 
partment of Soil Chemistry and Bacteriology. 
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acidity appears. This condition is accompanied by a diminution of the other 
cations, such as Ca, Mg, K, and Na, which are forced out by the H ions (S). 

The acid reaction is thus responsible not only for the acid condition per se, 
which in turn results in solubilizing the harmful Fe and A1 ions, but also for 
depleting the soil of its valuable bases essential for plant growth. It is also 
important to remember that a complete unsaturation is inducive to a loss of 
the complex capable of base exchange, both mineral and organic. It has 
been pointed out (5) that the so-called zeolites with hydrogen as the only 
cation are more soluble than those with bivalent cations, or with a combina¬ 
tion of mono- and bivalent cations, and under certain conditions may be 
leached out. The same thing occurs with the humates when their cations 
are replaced with hydrogen. 

In order to determine the capacity of any soil for base exchange, 10-gm. 
samples are treated with 250 cc. of neutral N NH4CI, left in contact with it 
for 6 days, and filtered. The soil on the filter is then washed with fresh por¬ 
tions of NH4CI solution until the filtrate gives no trace of Ca and maintains 
the reaction of the neutral NH 4 C 1 . From 4 to 6 liters of solution are necessary 
(depending on the base exchange capacity) to complete the replacement. The 
soil is then washed with distilled water until free from chlorides, and the 
ammonia determined by distillation. 

The NH4 content may be checked in the following way: the same soil 
is saturated with the K ion, neutral N KC1 solution being used. The total 
N is then determined on both the K- and NH4- saturated soils. The differ¬ 
ence in N content in terms of' NH4 may be taken as the amount of N absorbed 
by the complex, The latter method, which was checked repeatedly by de¬ 
termining the NH4 present in the original soil before treating with NH4CI, 
was found to be very satisfactory. 

A number of soil samples of the Chenango series was treated with normal 
NH4CI solution and the ammonia absorbed, after replacing all other cations, 
was determined as described. Simultaneously the H ions present were 
determined and checked by treating the soils with N BaCl 2 solution and 
titrating the extracts and leachings with 0.02 N KOH to pH 6.8 to 7.0. 

The results are summarized in table 1. 

In general the data show that the heavier types of soil have a greater base 
exchange capacity than the lighter types. This, of course, is to be expected, 
since the heavier soils contain a large amount of the so-called colloid fraction 
which is chiefly responsible for the replacement reactions. This phase will be 
discussed fully later when the results of the experiments on the base exchange 
capacity of the soils from the soil fertility plots are reported. For the present 
an analysis of the data will be made from the standpoint of saturating the 
respective soils with Ca. 

Let us for a moment picture in general the possible effects of adding lime to 
a soil depleted of its bases to various degrees through the accumulation of 
H ions. 
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The Ca ions will enter the soil complex capable of base exchange, forcing 
out the H and any other cations present. The Ca ions from the other calcium 
compounds present in the soil together with the ions going in and out from 
the complex possess various properties. 

First, Ca is an essential element; secondly, the Ca ion is an antagonist 
performing an important function in balancing the physiological equilibrium 
of salt intake by plants, as has been shown by the researches of Osterhout (9), 
Loeb (8), Lipman (6), and many others; thirdly, Ca affects the degree of dis¬ 
persion of the soil colloids. The divalent character of the Ca ions is of great 
moment in determining the degree of dispersion of the soil particles, which 
affect in a large measure the soil structure, increasing porosity and producing 
a granular structure. The sum total of the effect of the Ca ion on the col- 

TABLE 1 


Degree of unsaturalion of soils , Chenango series 


son. 

NUMBER 

TYPE OF SOIL DESIGNATED BY 

SOIL SURVEY 

REACTION OF 

H 2 0 

EXTRACT 

NH 4 

ABSORBED 
PER 100 CM. 
AIR-DRY 
SOIL 

REPLACEABLE 
H IONS 

IN 100 GM. 

BOIL IN 
TERMS OF 

NH* 

UNSATURA¬ 

TION 



PII 

mgm. 

mgm. 

per cent 

1 

Loam 

5.0 

64 69 

36.44 

56.30 

2 

Loam subsoil 

5.0 

97.49 

54.49 

55.89 

3 

Silt loam 

5.0 

82.91 

42.00 

50.70 

4 

Silt loam subsoil 

5.0 

67.42 

31.28 

46.30 

5 

Sandy loam 

5.0 

51.02 

32.18 

63.08 

6 

Sandy loam subsoil 

5.6 

55.58 

6.91 

12.43 

7 

Fine sandy loam 

5.8 

64.69 

14.00 

21.64 

8 

Fine sandy loam subsoil 

6.0 

31.89 

7.65 

23.98 

9 

Fine sand 

5.2 

37.36 

13.45 

36.02 

10 

Fine sandy subsoil 

5.2 

51.93 

14.72 

28.35 

11 

Sand 

4.6 

35.53 

20.74 

58.30 

12 

Sandy subsoil 

5.0 

26.42 

4.72 

17.89 


loidal reactions of the soil may be expressed by the suction force of the soil* 
as has been shown (5). It is also easily demonstrable by a determination of 
the heat of wetting method of Bouyoucos (2) and Anderson (1) as was shown 
by Parker. 2 

A consideration of the effect of Ca on the acid reaction of the soil solution— 
the elimination of the obnoxious Fe and A1 ions on one hand and the locking 
up of phosphates and Fe on the other—is important. A good deal of work on 
this phase of the problem has been carried out by the authors and will be 
reported in a forthcoming paper of this series. 

Last comes the effect of the Ca on certain biological activities in the soil, 

2 Paper read before the symposium on base exchange at the Chicago meeting of the Ameri¬ 
can Society of Agronomy, November, 1925. 
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which determine the organic matter content and differentiate the relative 
quantities of the various fractions of organic matter, as was shown by Tyulin 
( 10 ). 

Table 1 shows that the total capacity of the soils for base exchange cannot 
be taken as a criterion for the saturation of the soil with Ca. If such a pro¬ 
cedure should be followed it would mean that the soil would contain no cat¬ 
ions for replacement except Ca. The deleterious effects of such a condition 
would be comparable to overliming, as any phosphorus fertilizers would im¬ 
mediately become precipitated; potassium fertilizers would be more easily 
leached out because the energy of replacement and adsorption of the Ca ions 
is greater than that of K ions. 

The only logical method of applying lime is to introduce enough, in milli¬ 
grams equivalent, of the H ions found by replacement and titration, to saturate 
the complex. Table 1 shows that each soil has a different value of base ex¬ 
change capacity, with a different amount of H ions present. Each soil dif¬ 
fers from its subsurface soil in acidity, and in general the subsurface soil is less 
acid, except in soils 1 and 2. The high colloid content of these soils, es¬ 
pecially of the subsurface soils, tends to obliterate the differences. 

Of course the colloid fraction is smaller in the sandy soil, and its subsur¬ 
face soil has had no chance to receive basic cations from the topsoil; therefore, 
the podsolization in the soil profile has reached a lower horizon than in the 
clay soils. 

In the loam soil the H ions are larger in absolute figures in the subsurface 
soil than in the topsoil; but relatively they are not, since the capacity for base 
exchange in the subsurface soil is practically one-third higher, as may be 
inferred from the figures on NH 4 absorbed. 

The total replaceable hydrogen in the soils with a high colloid fraction in¬ 
creases with the degree of unsaturation. It may readily be seen that soil 5 
with a pH of 5.0 will require fewer Ca ions to satisfy its unsaturated condition 
than soil 3; the saturation capacity for lime depends in a great measure on the 
base exchange capacity and on the degree of unsaturation. The only rational 
method of liming is, therefore, to introduce enough Ca ions to take care of 
the H ions present in replaceable form, and also of the hydrolytic acidity due 
to some of the A1 and Fe compounds found in some soils. 

At this point it is worth while to emphasize again the fallacy of pH readings 
as a criterion for measuring soil acidity. There is no correlation between the 
pH and the total replaceable H ions in the soil complex. 

The degree of saturation or unsaturation of the top and subsurface soil 
gives a picture of the process of podsolization and the fate of the cations 
replaced. 

In general the process goes on as follows: the ratio of the cations of the 
topsoil, where the bulk of the chemical and biological reactions takes place, 
is constantly changing depending on the factors of climate, tillage, and crop¬ 
ping. Certain cations enter the soil solution and are taken up by the plant, 
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others leave the soil solution to enter the complex capable of base exchange. 
On account of their high coefficient of replacement, the H ions from the or¬ 
ganic acids in the process of organic matter decomposition, and inorganic 
acids produced by chemical interaction of the inorganic constituents with the 
organic acids, force out the basic cations; this action depletes the topsoil bases. 

As mentioned, some of them are taken up by the plant, some are moving 
downward with the water and are caught by the subsurface soil, some enter the 
underground waters and are carried into the streams. It is easy to see that the 


table i 

Comparison of the lime requirement according to tlieVeitch method and H ion replacement udth 

N PaCl 2 , plot .soils 




i 


LIME REQUIREMENT (CaO) PER ACRE 

LABORATORY 

NUMBER 

PLOT NUMBER* 

RFACTION OF 
WATER EXTRACT 

REACTION OF 

N BaCht 

SOLUTION 

1 

Vcitch ' 

H ion replacement method 
withf 


... i 


* TTRACT 

me t hod 

.V KC1 
solution 1 

N BaCla 
solution 


1914 

fill 

fill 

Pound\ 

pound* 

1 pounds 

1 

7A 

5 6 

4 8 

1 

1073 

1156 

2 

10A 

5 4 

4 8 


1042 

1010 

3 

11A 

5.4 

4 4 


1844 

| 1802 

4 

12A 

5 6 

4.8 


1020 

1021 


19 IS 






5 

7A 

5.4 

4.8 

1000 

1396 

1349 

6 

10A 

5 6 

5 0 

1000 

1082 

1042 

7 

11A 

5 0 

4.4 

2000 

1926 

1802 

8 

12A 

5.6 

5.1 

1000 

844 

844 


1922 




i 


9 

7A 

5 2 

4.6 

1000 

1365 

1365 

10 

10A 

5.4 

5.0 

1000 

1140 

1072 

11 

11A 

5.0 

4.4 

2400 

2312 

2200 

12 

12A 

5 6 

5.0 

1000 

936 

880 


* 7 A is the control—no fertilizers; 30A received Ca(NO *)2 equivalent in terms of N to 320 
pounds of NaNO* per acre; 11A received (NH^SO*, equivalent to 320 pounds of NaNOa; 
12A received CaCNg, equivalent to 320 pounds of NaNOj; all plots, eccept 7A, received 
yearly besides the nitrogenous fertilizers also 400 pounds of 16 per cent acid phosphate and 
200 pounds of muriate. 

t This includes the lime necessary to neutralize the acidity due to hydrolysis of A1 com¬ 
pounds present. 

monovalent cations are more quickly lost, because they do not possess so high 
a coefficient of replacement and absorption as the bivalent cations. 

It will be recalled that the descending order of the energy of replacement 
and absorption of cations is: Ca, Mg, K, NH 4 , and Na, and for this reason 
Na goes out first. 

Theoretically, therefore, the unsaturated surface soils could be greatly im¬ 
proved by subsoiling wherever the subsurface soil retained the leached bases. 
The unsaturated soils would then become the portion that would retain the 
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leached out bases which would replace the H ion of the underplowed un¬ 
saturated portion. 

The part of the underplowed unsaturated topsoil (now subsurface soil) receiv¬ 
ing the bulk of the replaced cations from the surface soil, which was previously 
a subsurface soil saturated with bases, will retain some of the cations, especially 
the bivalent cations, and become saturated. Thus, subsoiling an unsaturated 
soil would afford a means of maintaining its fertility, since the valuable basic 
cations would be retained in the plowed horizon and would circulate there. 

Samples 5 and 6 are very striking illustrations. The topsoil has become un¬ 
saturated, whereas the subsurface soil, which has a capacity for base exchange 
close to that of the topsoil, has retained almost all of its bases. Such a soil is 
on the verge of losing its bases also from the subsurface soil. Subsoiling would 
bring into the plowed horizon a complex with a high capacity of valuable 
cations which may be utilized by the plants. The practical aspect of this 
problem is now under consideration and as soon as results accumulate they 
will be published. 

From what has been said it may be inferred that the so-called “lime require¬ 
ment* is linked up with the determination of the state of unsaturation. It 
will be of interest, therefore, to compare a few figures of the lime requirements 
as determined by some of the standard methods and by the replacement 
method. 

Table 2 gives the data on the lime requirements of soils from a few of the 
soil fertility plots at the New Jersey Experiment Station. The data for the 
lime requirements [Veitch method (11)] were taken from the files of the Soil 
Fertility Department. 8 

The lime requirement by the replacement method was determined as 
follows: 

Ten-gram samples of the respective soils (sieved through a 2-mm. sieve) were treated with 
250 cc. of N BaCl? or N KC1 solution, left in contact with the solution with occasional stir¬ 
ring for 10 days, filtered, and the filtrate was titrated electrometrically to pH 6.8 with 0.02 N 
KOH. The soil on the filter paper was washed with the respective solutions until a portion 
of the filtrate gave a pH reading of 6.8. From 4 to 6 liters (the soils with low colloid fractions 
required less than 6 liters) of the solutions were used for saturation, in other words, complete 
replacement. The combined filtrates were titrated and the amount of 0.02 N KOH used was 
added to the amount of the titration on the first 250 cc. of the solutions. The “lime require¬ 
ment”, in terms of CaO, was calculated from the total amount of alkali. 

The discrepancies in “lime requirement” between the two methods as shown 
in table 2 are large enough to raise the question of the reliability of the Veitch 
method, which depends on the contact of the soil with limewater. In a way 
the Veitch method approaches the replacement method, but the strong rea¬ 
gent used introduces side reactions; and besides, the replacement process 

* The authors take this opportunity to express their indebtedness to Prof. A. W. Blair, who 
supplied the lime requirement data and placed at their disposal some of the soil samples. 
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could not be fully accomplished in the short interval of contact of the re¬ 
spective cation (Ca) with the soil. Because of this it is difficult with the 
Veitch method to obtain good checks on duplicate samples. 

The Hopkins (4) method, which approaches still closer the replacement 
method for determining the “lime requirement,” is open partially to the same 
criticisms as the Veitch method. According to the Hopkins method, the soil is 
treated with a neutral salt and the filtrate titrated; the titer is multipled by a 
certain factor (in one place the factor is 3, in another 4, and again 2.5) to give 
the lime requirement. 

The other methods may also be criticised from the same standpoint. 


TABLE 3 

Replaceable hydrogen at various time periods of extraction 


PLOT 

NUMBER 

PLOT SOILS 

LABORATORY 

NUMBER 

CHENANGO SOILS 

Rephcement hydrogen 
with N BaCla 
extraction after 

Replaceable hydrogen with 

N BaCb extraction after 

N KC1 

extraction after 

1 hour 

1 day 

10 days 

1 hour 

1 day 

10 days 

1 day 

9 days 

1914 

per cent 

per cent 

per cent 


Per cent 

per cent 

Per cent 

Per cent 

Per cent 

7A 

23.0 

30.2 

43.2 

1 

35.82 

45.77 

50.24 

25.8 

30.3 

10A 

25.1 

31.9 

33.1 

2 

56.66 

62.66 

65.33 

64.0 

71.7 

11A 

30.5 

43.4 

46.5 

3 

29.43 

40.25 

46.75 

42.4 

49.6 

12A 

20.0 

26 6 

34.6 

4 

33.13 

36.04 

38.37 

57.0 

63.3 

1918 










7A 

27.7 

36.7 

42.6 

5 

27.11 

36.72 

39.54 

22.6 

26.0 

10A 

20.8 

27.0 

36.2 

6 

31.57 

39.47 

39.47 

40.0 

60.0 

11A 

36.2 

44.4 

51.7 

7 

24.67 

32.36 

32.46 

13.0 

14.6 

12A 

16.0 

25.0 

32.3 

8 

23.8 

33.33 

33.33 

33.0 

33.0 

1922 










7A 

33.7 

44.0 

53.5 

9 

29.72 

36.48 

45.94 

21.6 

27.4 

10A 

26.2 

30.0 

37.3 

10 

23.45 

24.69 

29.62 

20.8 

30.8 

11A 

34.7 

43.3 

54.2 

11 

33.91 

43.47 

52.17 

55.4 

65.1 

12A 

18.4 

30.5 

39,6 

12 

46.15 

73.07 

73.07 




Table 3 shows how the percentage of replaceable hydrogen varies with each 
soil. The time of contact influences the release of the hydrogen ions, and the 
state of unsaturation is also an important factor. 

The higher the state of unsaturation the faster the H ions are released. 
This is to be expected since the complex contains fewer of the other cations 
and the reaction is proceeding between the replaceable cations and the ad¬ 
sorbed H ions. For these reasons it is impossible to assign any definite factor 
which, when multiplied by the amount of alkali necessary to neutralize the 
acidity of a neutral salt solution extract in contact with the soil for any length 
of time, would give us the true lime requirement. 

That the cations used in replacing the H ions have an influence on the speed 
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of replacement may be inferred from theoretical considerations; the bivalent 
cations with their higher coefficient of absorption and replacement ought to 
be more efficient in the replacement process. This has been found in general 
to hold true. There are, however, exceptions. The data on the relative 
speed of replacement by the Ba and K ions in table 3 on the Chenango soils 
show that the K ions replaced more H ions than the Ba ions in some samples. 
No explanation for such behavior can be offered. Surface relationships as 
influenced by the valency of the cations may enter as a factor. 

At this point it will be of interest to look into the question raised by Ged- 
roiz (3), whether the theoretical amount of lime requirement as calculated 
from the unsaturation of the soil coincides with the practical needs. The 
work of the New Jersey Agricultural Experiment Station on the limed (B) and 
unlimed (A) plots may offer a satisfactory explanation. The only difference 
in the treatment of the two series of plots is that the B plots receive an appli¬ 
cation of 2 tons of CaC0 3 every 5 years. The data on the yields from these 


TABLE 4 

Yield of dry mailer — 5-ycar period , 191S-1922 
Calculated to acre basis 


; 

PLOT 

CORN — 1918 

OATS- 

-1919 

BARLEY— 1920 

TIMO- 
I THY 

TIMOTHY 

• HAY 

TOTAL 
FOR 5 

INCREASE 

OVER 

number 

Grain 

Stalks 

Cobs 

Gram 

Straw 

Grain 

Straw 

HAY 

1921 

1921 

YEARS 

CHECK 


Pounds 

Pounds 

Pounds 

pounds 

Pounds 

Pounds 

Pounds 

Pound v 

pounds 

pounds 

pounds 

71* 

2,329 

1,746 

404 

680 

*1,280 

568 

752 

650 

960 

8,689 

Loss 

8B 

2,364 

1,894 

444 

720 

2,120 

1,068 

1,492 

2,240 

3,720 

15,342 

3,630 

9B 

2,316 

2,406 

397 

440 

2,440 

1,244 

1,796 

2,960 

5,040 

18,599 

6,887 

10B 

2,794 

2,620 

496 

560 

2,760 

1,284 

2,016 

3,700 

5,360 

21,030 

9,318 

1 IB 

2,714 

| 2,406 

478 

720 

2,680 

1,360 

2,120 

3,620 

4,680 

20,058 

8,346 

12B 

2,324 

2,458 

417 

720 

2,680 

1,432 

2,108 

3,140 

3,520 

18,079 

6,367 


plots seem to indicate that such an application meets the requirements of the 
soil, even the one which receives as a fertilizer the acid-forming (NH^SO^ 
Table 4, compiled from the data on the crop yields of the plots is reported 
by Lipman, Blair and Prince (7), shows that 11B ranks in yield as high as 
any of the plots. For comparison the yields on several other plots are given 
in table 4. It is very possible that the low yield on the other plots is due to 
overliming, which probably depleted the complex from other bases and un¬ 
doubtedly affected adversely the organic matter in the soil. 

It may not be amiss at this point to recall that 11 A, the unlimed plot cor¬ 
responding to 11B, showed in 1922, just before the regular lime application 
was made, a lime requirement of about 2300 pounds of CaO. 

A preliminary survey of the replaceable H ions in 11B shows that the com¬ 
plex contains replaceable H ions, even though the soil still contains car¬ 
bonates of lime. This is in line with the ideas expressed by Gedroiz (3), 
but his fear of underliming is not well founded, as may be inferred from the 
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practical experiences at the New Jersey Station. It is doubtful whether a 
complete saturation with Ca ions would be desirable, for reasons pointed out 
on p. 130. The lime in the soil does not leach out to any extent and is pres¬ 
ent as a potential source, to release Ca ions into the soil solution to react with 
the solid phase of the complex. 


SUMMARY 

1. The relation of the various cations present in the soil complex (inorganic 
and organic) capable of base exchange is discussed. 

2. The methods used in determining the base exchange capacity and the 
degree of unsaturation of soils are given. 

3. The functions of the Ca ions in the soil-plant system are discussed from 
the standpoint of base exchange. 

4. The relation between the state of unsaturation and the lime requirement 
is analyzed, and the experimental results are compared with methods for 
determining the lime requirement. 

5. The degree of saturation and unsaturation in the layers of the soil profile 
indicates the possibility of utilizing subsoiling practice for the purpose of pre¬ 
serving the bases that are being leached out from the surface soils. 

6. It is shown that an application of lime as indicated by the replacement 
method of lime requirement, is sufficient for the best results. 
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Introduction 

The economic utilization of nitrogen fertilizers is one of the outstanding problems of the 
market gardeners and truck farmers on the sandy soils of the Atlantic Coastal Plain. The 
Norfolk, Sassafras, Ruston, Keyport, and Elkton soils in particular contain relatively small 
amounts of nitrogen, and are usually coarse in texture. Since in many areas the subsoil 
contains even more sand than the surface soil, these soils are frequently subject to exces¬ 
sive leaching from both winter and summer rains. Especially in the tide-water regions of 
Maryland and Virginia, where the permanent water-table is close to the surface soil, large 
amounts of nitrogen are lost annually by leaching. 

That the supply of available nitrogen is one of the important problems to farmers in the 
Atlantic Coastal Plain may be realized from the fact that an application of one ton per 
acre of a 7-6-5 or a 5-8-5 (NHj— P a 0 6 —K 2 0) commercial fertilizer is the standard practice 
for early potatoes in many sections. These fertilizers cost on the average from $45.00 to 
$52.00 per ton. This has been estimated by economists of the United States Department of 
Agriculture (76) to be from 26 to 33 per cent of the total cost of producing this crop. For 
many other truck crops applications of from 1000 to 1500 pounds of similar fertilizers per 
acre are made. 

Since the severe summer showers and heavy winter rains in this region tend toward the 
excessive leaching of nitrate nitrogen; the farmers have demanded large proportions of organic 
nitrogen materials in the mixed fertilizers, with a consequent increase in the basic cost of 
the same. * 

In this investigation an attempt is made to study some of the fundamental factors in¬ 
volved in the use of complete commercial fertilizers on these soils, with special reference to 
to the proportion of the nitrogen derived from inorganic and organic nitrogen fertilizer 
materials. 


1 Summarized Introduction and Historical Review, of a Thesis submitted to the Graduate 
Faculty of the University of Maryland, June, 1925, in partial fulfillment of the requirements 
of the degree of Doctor of Philosophy. Part II is a detailed report on closely related field- 
plot experiments, and will be published at a later date with subsequent data. 

* The writer takes this opportunity to thank Dr. A. G. McCall, under whose direction this 
investigation was conducted, for his helpful suggestions, kindly criticisms, for the facilities 
made available, and for reading the manuscript. Thanks are also extended to Director H. J. 
Patterson for his kindly codperation. 
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Historical 

FACTORS INFLUENCING THE RATE OF NITRIFICATION 
The effect of temperature on nitrification 

The work of numerous investigators has shown that nitrification will take place in soils 
at all temperatures between 15° and 40°C. In particular, that of Jacobs, Allison and Bra- 
ham (45), and of Panganiban (63) indicates that the optimum temperature is approximately 
35°C. 

The consensus of opinion from the work of Lemmerman and Wichers (50); Fraps (28); 
Whiting and Schoonover (80); Shonbrunn (70), Blair and Prince (10); Gowda (35); and 
others, is that seasonal variations in the rate of nitrification are due largely to temperature, 
moisture, and other seasonal changes in the soil. 

Moisture relations 

Harris and Butt (40) found that a soil-moisture content of 23 to 28 per cent was optimum 
for nitrification. The work of Coleman (24), and of Jacobs, Allison and Braham (45) indi¬ 
cates that for most soils 50 to 60 per cent of the water-holding capacity is the optimum. 
Sachs and Austin (65), Albrecht (1), The Nebraska Agricultural Experiment Station (62), 
Munter (59), Carpenter and Bose (19), and Hall (38), all found that tillage practices designed 
to conserve moisture in field soils during the summer, increased the amount of nitrification. 

Loss by leaching 

The work of Garretson (32) and of Geilman (33) shows very little leaching of the am¬ 
monia form of nitrogen; most of the nitrogen lost in this manner being nitrate. Blair (10) 
found no more leaching when nitrate of soda was added to the soil used than when organic 
ammoniates were added. This brings up the question of soil texture and chemical composi¬ 
tion in relation to the influence of sodium. Harrison (41) showed that a fairly heavy soil to 
a depth of 3 to 4 feet is necessary to prevent excessive leaching. The work of Wilson (81), 
and of Fraps (28) illustrates the value of crops and manures in conserving soil nitrates. 

The previous work indicates that the leaching of soil nitrates is the resultant between 
the factors of soil texture, soil composition, climate, and the cropping and manuring systems. 

The effect of soil reaction 

The wide range of II-ion concentrations in soils in which nitrification is reported to have 
proceeded vigorously, leads one to believe that other soil factors such as moisture, tempera¬ 
ture, buffer substances, i.e. organic matter, colloidal clay and zeolites, and microorganisms 
as well, may, in many instances, outweigh the influence of either an unfavorable OH- or 
H-ion concentration. This view is supported by the work of Fred and Graul (30), Garder 
and Hagum (31), Meek and Lipman (57), Barthel and Bengston (8), Fraps (28), Stevenson 
(73), Chardon-Piacios (20), Blair and Prince (11), Shedd (69), Waksman (79), Munter (60), 
Murphy (61), Albrecht (3), and Denison (25). 

For mineral soils the optimum reaction appears to be at about pH 7.0; although maximum 
values of OH-ion concentration of 13.0 and minimum values of pH 5.4 have been recorded. 
The work of Fraps (28), Murphy (61), and many others indicates that liming the soil favors 
nitrification; an exception being the work of Blair and Prince when using sulfate of ammonia 
as a fertilizer. Minimum values of pH 4.0 have been observed in peat soils. This is in line 
with Waksman’s researches and explanation of the influence of various buffering materials. 

The influence of salts on nitrification 

The relation of salts to the nitrification process is of importance with respect to the in¬ 
fluence of the non-nitrogenous fertilizer salts on the rate of availability of the nitrogen con- 
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tained in the fertilizer and also in the soil. Greaves (36) found that in alkali soils many 
salts increased the rate of nitrification. Erdman (27) found that normal applications 
of gypsum had no effect. Brown and Gowda (18) found that phosphates and nitrate of 
soda increased nitrification. The work of Fraps (28) on Texas soils showed phosphates to 
be more effective than potash in stimulating nitrifying bacteria. R. S. Smith (71) 
found that potassium sulfate stimulated and potassium chloride decreased the rate of 
nitrification. 


Influence of the source of the nitrogen on nitrification 

In the work of Jacobs, Allison and Braham (45) light applications of cyanamide were 
entirely nitrified in 5 days; and applications of 216 pounds per acre were completely trans¬ 
formed to nitrate in 10 days. They also found that small quantities of dicyano-diamide 
did not delay the nitrification of urea, but did delay the transformation of ammonium sulfate 
for 210 days. Littauer (54) found that urea was nitrified best in a loam soil; and, although 
drouth retarded the rate, increases in moisture above the average water capacity produced 
no essential changes in the rate of change to nitrate. 

It is evident from the literature that the presence or absence of certain impurities in 
urea, as determined by the process of manufacture, largely determines the rate of nitri¬ 
fication. 

Brenchley and Richards (16) found that all the nitrogen from finely divided dried blood 
was nitrified after 15 weeks. In the same time 26 per cent of that in slate-bed sewage sludge 
and 66 per cent of that in activated sludge has been changed to nitrate. 

PLANTS AS INDICATORS OF THE AVAILABILITY OF NITROGEN FROM VARIOUS 

MATERIALS 

So much experimental work has been published on various crops as indicators of nitrogen 
availability, that it is possible to cite only a few investigations bearing directly on some 
phases of the present problem, for example: the work of Schneidewind, Meyer and Muntcr 
(68); Hasselhof, Liehr and Fluhrer (42); Kuyper (48); Chevalier (21); Allison, Braham and 
McMurtey (4); Prescott (64); Allison, Vliet, Skinner, and Reid (5); Brenchley and Richards 
(16); Brown (17); Lemmerman and Eckl (49); Truffaut and Bezssonoff (74); Woods (83); 
Lipman and Blair (52); and Martin (56). 

The consensus of opinion seems to be that crop response to different nitrogenous materials 
depends so largely on soil texture and composition, climatic factors, length of growing season 
and the root system of the crop, that no one material or type, of material is best adapted to 
all, or even to a large proportion of soils and crops. It has been largely a problem of deter¬ 
mining the effects of these \ arious influences on each nitrogen fertilizer, and thus learning its 
adaptability for any particular soil and crop combination. 

The general conclusion seems to be that the water-soluble forms of nitrogen are best 
adapted to heavy soils and to short or cold growing seasons. For sandy soils, long growing 
seasons, and high soil temperatures, the soluble and insoluble organic nitrogen materials and 
the ammonia salts seem better adapted than the nitrate forms. 

NITRIFICATION AS A MEASURE OF THE AVAILABILITY OF NITROGEN FOR PLANT 

GROWTH 

According to the work of Bonazzi (13), and from a consideration of the processes for the 
synthetic production of ammonia and nitrates, the oxidation of ammonia in soils is accom¬ 
plished by the catalytic activity of iron as part of a biological intracellular mechanism, 
through which the inert oxygen of the air is activated. Miyake and Soma (58) have shown 
that the process of nitrification as a whole resembles an autocatalytic mono-molecular bio- 
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chemical reaction; and that the increase of nitrates in soils is in accord with the formula for 
this type of reaction. 

Hasselhof (42); Robinson, Winter, and Miller (65); and others, have shown that although 
the neutral and alkaline permanganate methods shed some light on the availability of in¬ 
soluble, but easily hydrolyzable, organic nitrogenous compounds, they do not yield true 
values when compared with plant-culture experiments. The time consumed and the tedious 
processes involved make bacteriological and nutritional methods impractical for routine use 
in control laboratories. However, these latter methods are of real worth in establishng true 
values for the more rapid chemical methods in present use, or those to be devised in the 
future. 

The work of Lipman and Burgess (51), Bizzell (9), Fraps (29), Waksman (78), and others, 
seems to show that nitritication tests under standard conditions are the best biological 
method for determining the availability of nitrogen in fertilizer materials; unless crop tests 
can be made under the soil and climatic conditions existing in the field where these materials 
are to be used. The results obtained by Lipman and Burgess (51) and by Waksman (78) 
in comparing ammonification and nitrification tests with crop growth experiments, seem to 
indicate that ammonification tests fail to yield real or consistent values over a wide range 
of conditions, such as exist in various field soils. 

Although the writer is fully conversant with the work recently brought into prominence 
concerning the availability of the ammonia form of nitrogen to economic crop plants, he is 
inclined to agree with the findings of these investigators cited above. Although certain 
plants whose ecological habitat is found in wet, poorly drained, or very acid soils may be 
shown to take up appreciable quantities of nitrogen in the form of ammonia; the bulk of the 
evidence from practical farm experience, field plot experiments, pot culture studies, and 
bacteriological research shows that of the simple transformation products of organic nitrogen, 
nitrate is the only stable form in the soil; and that the proportion of nitrate to ammonia 
nitrogen found in most well drained soils proves conclusively that plants do absorb greater 
quantities of the nitrate form than of 'the ammonia form of nitrogen. For these reasons 
nitrification tests were adopted as the criterion of nitrogen availability in the present in¬ 
vestigation. 


Experimental 

A COMPARISON OP VARIOUS NITROGENOUS FERTILIZER MATERIALS WITH RESPECT 
TO THE RATE OP NITRIFICATION AND THE LEACHING OF NITRATES 
FROM NORFOLK SANDY LOAM SOIL 

The surface soil used in these experiments was secured from the experimental field at Snow 
Hill, Maryland. The data from preliminary mechanical and chemical analyses are given 
in table 1. 

Sulfate of ammonia, urea, dried ground fish, high-grade packing-house tankage, and 
activated sewage sludge were compared with respect to their rate of nitrification in this 
soil. The urea was of the usual commercial grade now being sold in this country by the 
Badische Anilin und Soda Fabrik. The sulfate of ammonia, fish, and tankage were the 
usual commercial materials. The activated sewage sludge was obtained from Milwaukee, 
Wisconsin, the material having been produced by the method described by Radish (46). 
Commercial nitrate of soda was used in the leaching experiments, and as a control on the 
nitrate absorption of the soil in the rate of nitrification studies. 

In order to obtain an equitable basis for comparison, the organic materials were ground 
to approximately equal fineness, and to a degree possible under commercial conditions. Sieve 
tests were then made and the total nitrogen was determined, the results are shown in table 2. 
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Series I. The influence of soil moisture on the rate of nitrification 

Each of the nitrogenous materials listed in table 2 was used in turn as the 
sole source of nitrogen in a complete fertilizer containing 7 per cent ammonia, 
6 per cent phosphoric acid, and 5 per cent potash. In all cases the phosphorus 
and potassium were derived from 16 per cent acid phosphate and SO per cent 
sulfate of potash, respectively. Of this fertilizer, 4-gm. portions containing 

TABLE 1 

Mechanical analysis determinations , Norfolk Sandy Loam 


Mechanical analysis:* 

Fine gravel and coarse sand. per cent 16.0 

Medium sand. per cent 31.8 

Fine sand. per cent 36.4 

Very fine sand. per cent 4.2 

Silt. percent 9.0 

Clay. percent 2.1 


Water-holding capacity. 

Total nitrogen . 


per cent 27.1 
percent 0.041 


H-ion concentration . . pH 6.4 

Lime requirement (Veitch method) 1500 pounds CaC0 3 per acre 


* Method of Bureau of Soils, U. S. Dept. Agr. (15). 

TABLE 2 

Analyses of nitrogenous materials used 


MECHANICAL ANALYSIS 


MATERIALS 

NITROGEN 

Coarser 

than 

20 

mesh 1 

20-40 

mesh 

40-60 

mesh 

60-80 

mesh 

80-100 

mesh 

Finer 

than 

100 

mesh 


Per cent 

per cent 

Per cent 

Per cent 

Per cent 

per cent 

percent 

Dried ground fish. 

9 6 

0 2 

4 8 

29 8 

19 0 

8 2 

37.4 

Packinghouse tankage. 

10.3 

0.1 

1.4 

24 0 

17 7 

10 2 

46.6 

Sewage. 

5 1 


2 0 

37.2 

16 9 

8 4 

35.5 

Urea. 

45 3 







Sulfate of ammonia. 

25.2 






.... 

Nitrate of soda. 

14.9 






! 


230.4 mgm. of nitrogen each, were added to 4 kgm. of sifted air-dry soil con¬ 
tained in 1-gallon glazed pots. These additions correspond to a field applica¬ 
tion of 2000 pounds of fertilizer per acre. 

The rate of nitrification of sulfate of ammonia, urea, fish, and tankage was 
compared at soil-moisture contents of 10, 20, 30, 40, 50, 60, and 70 per cent 
of the total water-holding capacity of the soil as determined by the Hilgard 
method (43-a). At the lowest moisture content, 108 gm. of water was added 
























TABLE 3 

The eject of suit-moisture on the rate of nitrification 


142 


ARTHUR MATTHIAS SMITH 


ft, 00 H ^ N 


ft OO O 


Tfi ^ IO ^ 


»0 O OQ ro 


g >0 wj N O 
< 4 , l>* N On 
4V, 


Tf Ov VO ON 


& £ 
3 w 


OO l/j fN rH 
O O VO 


M N » 

N 


O O ^ 


N ■<# O0 N 

o ^ o 


0O «0 <N iO 
^ Tf fO OO 


T3 ^ »D »0 NO LO 

~ 4V, 


vO *'"» *ef *-HI 
N rt- lO 


-H rr> o O 

rO rv| ^ 


On 0O to vO 
CM DC *t tO 


ON NO O 

*-« o y* O* 


On no O ^ 
t O OI 


On vO O -* 

T -1 o CN 


^ 0) -o 

^ M -C g 
co £> ft H 


s s .H •a 


a gll 

M «-t cS 

co £> Q H 


P Jh M rt 

to t5 Q H 


fo to o 


g 

*o 


o I* 


g 

*o 


- .3 

^ s 

c 2 
o> t* 

U »H 

£ 

il 

£ 

«1 
u 7 


° 2 
fl 1 
§ ■§ 

M £ 

e3 

fr 

u 

M S 

rt 

o 

>-, 3 

it 

1 

S vS 

I s 




17 Sulfate of ammonia 1.9 j 6 1! 17 8 30 5 49.3 58.6 45 7 73.5 

18 Urea j 0 6 1 6 5 19 8 35 4 59 5 67.0 21.3 51 7 

50 per cent of 19 Dried ground fish 1 0 4 0 1 15 8 25 5 47 9 47.5 35 4 37.5 

water-holding < 20 Tankage 2 4. 6 8 , 18 7 28 2 46.6 52 8 28 9 22.7 

capacity 21 Nitrate soda j 65 2 20 3 j 73 5 69.5 80.7 85.2 35 7 60.0 


FACTORS INFLUENCING NITROGEN EFFICIENCY 


vO O ro t-h 

^ o a h 

to O fN rs 


© © -h On, 


in \n 


On © O ro 


OC rt< N rH 


ON O © T* 


o © © ** 


w bfi bp 

5 * "2 | 

=3 t C g 

mPCh 




S-§£ 

0*1(0 


bO 

o 4 
11 £ 
Si 8. 

s. g s 




144 


ARTHUR MATTHIAS SMITH 


to 4000 gm. of soil, while at the highest, 761 gm. of water was added. The 
experiment was conducted in the greenhouse for a period of 98 days from 
December 17 to March 25, during which time the pots were neither covered 
nor shaded. The pots were weighed twice each week, and distilled water was 
added to replace the loss by evaporation. After each sampling the soils were 
cultivated to a depth of \ inch. 

At 50 per cent of the water-holding capacity three additional fertilizer 
treatments were employed. In one of these, activated sludge was used as the 
nitrogenous material. Another, in which nitrate of soda was used, served as a 
control pot for measuring nitrate absorption by the soil and the utilization of 
nitrates by soil organisms. The third, to which no nitrogen was added, served 
as a control to measure the rate of nitrification of the original soil nitrogen. 

In order to obtain representative samples, borings from the top to the bottom 
of each pot were made at 14-day intervals. Seventy-gram samples of the 
moist soil were dried in the oven at 50°C. for 15 hours, and 50-gram portions 

TABLE 4 

Time-periods required for the nitrate nitrogen to equal the total nitrogen applied in the fertilizer 


SOIL-MOISTURE AS PER CENT WATER -HOLDING CAPACITY 


MATERIALS 

10 per 
cent 

20 per 
cent 

30 per 
cent 

40 per 
cent 

50 per 
cent 

60 per 
cent 

70 per 
cent 

Sulfate of ammonia . 

days 

days 

days 

98 

98* 

70* 

days 

70* 

70* 

70* 

days 

70 

56 

70* 

days 

70 

42 

70 

70* 

days 

70* 

42 

Urea. 


Dried ground fish. 

Packinghouse tankage. 



* Amounts slightly less than 57.6 p.p.m. 


of the dried soil were then extracted with 250 cc. of distilled water. Nitrates 
were determined throughout by the phenol-disulfonic acid method as modified 
by Harper (39). 

The results of the nitrate determinations for each 14-day period are shown 
in table 3, in which the nitrate-nitrogen is expressed as parts per million of air- 
dry soil. 

An inspection of table 3 shows that, in general, for the first 42-day period 
the rate of nitrification increased in direct proportion to the increase in soil 
moisture. For the 42 to 98-day period there was a direct increase in nitrifica¬ 
tion with increasing soil moisture up to 50 per cent of the water-holding capac¬ 
ity of the soil, except in the case of urea, which yielded a high nitrate content 
at both 60 and 70 per cent of the water-holding capacity. 

At the lowest moisture content very little nitrification took place from any 
of the materials added. At the 20 per cent level and, in fact, at all of the higher 
moisture contents, urea and sulfate of ammonia nitrified more rapidly and 
gave higher nitrate accumulations than either fish or tankage. 
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Considerable variation in the nitrate accumulation for all of the materials 
may be noticed at the higher soil moisture contents after the 56-day period. 
This periodicity during short intervals has been noted by numerous investi¬ 
gators. Lohnis in particular (54) has observed similar fluctuations due to 
biological factors, such as the utilization of nitrates by microdrganisms other 
than the nitrate bacteria. In the present experiment the fluctuations cannot 
be explained satisfactorily on the basis of differences in soil moisture, tem¬ 
perature, or H-ion concentration, and accordingly are probably due to nutri¬ 
tional differences caused by the various rates of decomposition of the soil 
organic matter as influenced by the decomposition products and the nitrifica¬ 
tion of the materials added. 

The theoretically possible concentration of nitrate nitrogen as calculated 
from the total nitrogen contained in the soil and fertilizer, is 467.6 p.p.m., of 
which 57.6 p.p.m. was added in the fertilizer. It is interesting to observe 
for the various soil-moisture contents the time required with the different 
materials for the nitrate-nitrogen to equal the nitrogen added in the fertilizer. 
These observations are presented in table 4. 

From this summary it may be noted that in this soil, under the conditions 
of the experiment, the optimum soil-moisture content for the nitrification of 
these four materials lies between 50 and 60 per cent of the water-holding 
capacity. It will also be noted that a greatest total nitrate accumulation 
occurred at somewhat higher moisture contents for sulfate of ammonia and for 
urea than for either fish or tankage. The rate of nitrification in this soil at 
moisture contents of 30 per cent of the water-holding capacity or less is ex¬ 
ceedingly slow. Of the four materials, urea nitrified most readily, and, w'ith 
the exception of nitrate of soda and of sulfate of ammonia at certain moisture 
contents, gave the highest accumulation of nitrates. 

It is not to be supposed that all of the nitrate-nitrogen was derived from the 
fertilizer materials. The work of R. S. Smith (71), Gowda (35), and others 
has shown that both phosphates and potassium salts stimulate nitrification 
of the original nitrogen contained in the soil. Table 3 shows numerous 
instances of nitrate accumulation greater than the amount of nitrogen supplied 
in the fertilizer. It is interesting to note that pot 27, which received nitrate 
of soda, showed not only the greatest accumulation of nitrate nitrogen, but 
also the largest excess over that supplied in the fertilizer. This shows a direct 
stimulation of nitrification by this material. The fluctuation in nitrate ni¬ 
trogen in this pot at the different time intervals would indicate that nitrate 
of soda also stimulated the growth and activity of the other soil organisms. 

After the first 28 days at 50 per cent of the water-holding-capacity of the 
soil, the nitrification of sewage sludge took place very slowly. After the first 
14 days, the pot receiving phosphate and potash only had a much lower 
nitrate content than any of those receiving nitrogenous fertilizers. 

The H-ion concentration of the soil as determined colorimetrically at the 
beginning of the experiment was pH 6.4. There was no noticeable difference 
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in the H-ion concentration after 98 days with respect to the various moisture 
contents. In the soil receiving the fertilizer containing sulfate of ammonia, 
the initial H-ion concentration was pH 6.0. After 98 days the average pH 
values for the soils receiving the various sources of nitrogen were: sulfate of 
ammonia, 5.6; urea, 5.7; fish and tankage, 5.9. As might have been predicted 
from the mechanical analysis, given in table I, the buffer action of this soil is 
relatively low. The temperature relations will be discussed in connection 
with the next series of experiments. 

Series II. The influence of soil temperature on the rate of nitrification 

The duration, periods of sampling, containers, weight and type of soil 
employed, and the analysis and rate of application of the fertilizer were the 
same in Series II as in the preceding series. 

The following materials were used as the sole source of nitrogen in the 7-6 -5 
complete fertilizer: sulfate of ammonia, urea, dried ground fish, packing-house 
tankage, and activated sewage sludge. A check treatment of phosphate and 
potash only was included in each group. To each pot, water was added to 
50 per cent of the water-holding capacity of the soil, and the loss by evapora¬ 
tion was replaced twice each week. 

Four groups of 6 pots each, treated as indicated above, were kept for 98 
days at different temperatures. The first group, pots 44 to 49 as shown in 
table 5, was kept in a cold rgom, which received daylight through several 
windows. The second group, pots 32 to 37, was kept on a shelf under a stone- 
top table in the main greenhouse and was protected at all times from the 
warming effect of direct sunlight. The third group, pots 17 to 23, was placed 
in the main greenhouse and exposed to sunlight. This group is included in 
Series I as the 50 per cent water-holding capacity treatment. The fourth 
group, pots 38 to 43, was placed in a rose greenhouse where the temperature 
was maintained at a higher and more uniform temperature than in the house 
first mentioned. 

No attempt was made to control the temperature of the soils, but frequent 
thermometer readings showed the following temperature conditions. The 
soil-temperature in the cold room ranged during the first 56 days from 3* 
to 12°C., and for the last 42 days from 12° to 17°C. The mean temperature 
for each bi-weekly period in the main greenhouse as recorded by a thermo¬ 
graph, is given at the foot of tables 3 and 5. The weekly average of the 
maximum air temperatures ranged from 17.5° to 27°C., and the weekly average 
minimum from 7° to 13°C., giving an average diurnal change of 10.5° to 13°C. 
The soil temperatures, of course, did not undergo either of these extreme 
fluctuations, having at most times a lag of 3 to 5°C. for rising and falling tem¬ 
peratures. The soil in pots 32 to 37 shaded by the stone-top table was at all 
times during sunny days from 2° to 3°C. cooler than pots 17 to 23 placed on 
top of the wooden table. The soils in pots 38 to 43 in the warmer greenhouse 
averaged at all times from 3° to 5°C. warmer than pots 17 to 23 in the main 
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unshaded greenhouse. During periods of exceedingly cold weather these soils 
frequently had a temperature 8°C. higher than those of the main greenhouse. 

The object in comparing the rates of nitrification of these materials at differ¬ 
ent temperature levels was to ascertain, if possible, their adaptation for both 
early and midseason crops. 

The results of the nitrate determinations at successive 14-day intervals are 
shown in table 5. 

It may be seen from the data that in the pots placed in the cold room, the 
rate of nitrification during the first 70 days was slow for all of the nitrogenous 
materials employed, being at the most only 50 per cent more than for the soil 
alone. There was, however, a gradual nitrate accumulation at this low tem¬ 
perature level. During the last 28 days, as the temperature increased with 
the rising outdoor temperatures, there was an appreciable nitrate accumula¬ 
tion in all cases, equaling with some of the materials, the amounts shown in 
the main greenhouse where higher temperatures prevailed. The rapidity of 
nitrification at this low temperature level was in the following order: urea, 
then tankage, sulfate of ammonia, and fish closely grouped, activated sewage 
sludge, and no applied nitrogen. These results would indicate that urea might 
have a slight advantage over the other materials as a source of nitrogen for 
early spring or winter crops. 

A comparison of the data for the shaded and unshaded soils in the main 
greenhouse shows considerable variation in the effect of the shading. Al¬ 
though in general the slightly higher temperatures resulting from the exposure 
to sunlight induced a slightly more rapid nitrification at the start, and with the 
exception of the activated sewage sludge, yielded a higher nitrate accumulation 
at the 56-day period, the influence of the slight temperature difference is not 
consistent. Of two possible explanations one is, that the greater loss of water 
by evaporation from the group exposed to sunlight may have offset the ad¬ 
vantage of the slightly higher temperature attained. In Series I it is shown 
that 50 per cent of the moisture holding capacity approaches the lower limit 
of the optimum water content for nitrification in this soil. Accordingly, the 
more rapid evaporation would not provide more favorable moisture relations 
or stimulate nitrification through increased soil aeration. 

In view of the data for Series I, however, in which there was a fluctuation 
in the nitrate accumulation from these materials at all soil-moisture levels of 
30 per cent of the water-holding capacity and higher, and under the same 
temperature range as for numbers 17 to 23, the explanation does not seem to 
lie in a difference in moisture content. It will be observed that the nitrate 
accumulations in the soils exposed to sunlight showed more extreme fluctua¬ 
tions than those in the shaded soils, although the variations in the two groups 
agree in general with respect to the time periods of sampling. From the data 
it appears that the slightly higher temperatures attained during sunny days 
in the group exposed to sunlight, stimulated the growth and activity of the 
entire microbiological flora of this soil, to the extent of utilizing a larger portion 
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of the accumulated nitrates, than was the case in the shaded soils. This 
hypothesis is strengthened by the fact that for practically every treatment in 
the shaded, as well as in the unshaded soils, there was an actual decrease in 
nitrate accumulation at the end of the bi-weekly periods during which there 
was an increase in the mean temperature. Thus there was very little increase 
in nitrate accumulation in the shaded soils from the 42- to the 56-day period 
during which time there was an increase in mean temperature of 1.9°C. Al¬ 
though the soils exposed to sunlight showed a consistent accumulation of 
nitrates from all the materials under comparison for the first 70 days, during 
the next 14-day period there was a decided decrease in nitrates in both the 
shaded and unshaded soils. At the same time the mean temperature in¬ 
creased 1.0°C. During the final 14-day period immediately following, there 
was again a marked increase in nitrate accumulation in both shaded and 
unshaded soils in nearly every case, while the mean temperature remained 
practically constant. 

That this fluctuation m nitrate accumulation is due to the utilization of 
nitrates by soil microorganisms, as stimulated by a slightly increased mean 
temperature, is further indicated by referring in table 3 to the analyses at the 
84-day period. The nitrate accumulations from urea, fish, and tankage at 
soil moisture levels of 30 and 40 per cent of the moisture-holding capacity 
equaled or exceeded the accumulations from the same materials during the 
same time in the soils moistened to 50 per cent, and, for some materials, to 
60 per cent of the moisture-hblding capacity. This would indicate that the 
fluctuations in the amounts of nitrate accumulations were not due to the more 
rapid evaporation of water at the slightly higher mean temperature levels. 
It may also be observed from table 3 that increasing mean temperatures did 
not offset the unfavorable conditions due to supra-optimum moisture relations 
in the group of soils moistened to 70 per cent of the water-holding capacity. 
Had the loss of water by evaporation been the cause of the fluctuations ob¬ 
served, these soils should have undergone an increase, rather than a continued 
decrease, in nitrate content during the final 28 days. In fact the amounts of 
moisture lost were practically negligible, in view of the weight of soil em¬ 
ployed—4000 gm.— and of the semi-weekly additions of water. 

In considering the data from the soils in the warm greenhouse it will be 
noticed that the fluctuations in accumulated nitrates are less evident and more 
irregular than for the soils kept in the main greenhouse. It will also be noticed 
that the time periods of fluctuation in nitrate accumulation do not coincide 
closely with those of the other soils. This might be expected, as there was 
very little correlation between the climatic factors existing in the two green¬ 
houses. In the latter, used chiefly for the winter forcing of roses, a uniformly 
warm temperature was maintained. It may be observed from table 5 that 
in practically every case the rate of nitrification and nitrate accumulation was 
greater for the same materials at the same time intervals at these higher 
temperatures (by 3° to 5°C.), than in the main greenhouse at the lower tern- 
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peratures. This clearly shows the favorable influence of increased tem¬ 
peratures on nitrification. 

It should be observed that in no case did the temperatures attained in these 
studies reach the optimum temperatures of 30° to 35°C. for nitrification as 
reported by Jacob, Allison and Braham (45), and by Panganiban (63). The 
purpose of this experiment was to compare at rather low soil temperatures the 
rate of nitrification of the nitrogen supplied by these materials, in order to 
simulate, as far as possible, the temperature conditions existing in field soils 
of this type at the time of planting early truck crops. The soil-temperatures 
of the experimental field at Snow Hill, Maryland, were recorded by thermo¬ 
graphs during the growing season of 1924, for which the data on crop yields 
are included in part II of this paper. 

For consecutive 14-day periods up to a total of 70 days from the date of 
planting early potatoes, the bi-weekly mean temperatures of the field soil at a 
depth of 6 inches were 5°, 6°, 3.5°, 2°, and 1°C. less than those recorded for 
corresponding periods in the main greenhouse. The other factors encountered 
in field conditions will be discussed in connection with the field-plot data. 

Although the nitrogen from tankage nitrified slightly more rapidly than 
from fish at the higher temperatures, the nitrate accumulation from these two 
materials does not seem consistently different. Urea nitrified more rapidly 
than any of the other materials compared, except at the lowest temperature 
level, for which, however, it gave the highest nitrate accumulation after 84 
days. 

Sulfate of ammonia nitrified less rapidly than urea, fish, or tankage during 
the first 4 to 6 weeks. At the higher temperatures, however, it nitrified more 
rapidly than did the activated sewage sludge. Attention is called in table 3 
to the high nitrate accumulation from sulfate of ammonia at the end of the 
98-day period. There was a direct correlation between the nitrate accumula¬ 
tion from this material and the H-ion concentration, the lowest pH value, 5.2, 
accompanying the maximum nitrate content from the sulfate of ammonia 
treatment. An interesting problem is suggested regarding the permanence 
of the nitrate accumulations from sulfate of ammonia with respect to the effect 
of low pH values on the utilization of nitrates by soil microorganisms. 

In general after the first 28 days the activated sewage sludge nitrified more 
slowly than the other nitrogenous materials and produced a lower nitrate 
accumulation. At the lowest temperature level, however, it compared favor¬ 
ably with all of the materials employed, while at the highest temperature level 
it ultimately gave a nitrate accumulation comparable with that from the other 
materials, with the exception of sulfate of ammonia. In view of the fact that 
many of the favorable results reported for this material were obtained in 
northern states and in Canada, the data from these studies may be significant 
in indicating its value as an organic nitrogenous material in cold climates and 
in cool growing seasons. On the other hand the slow but steady response 
obtained at the highest temperature level would suggest a definite value for 
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activated sludge under midseason conditions. Its low nitrogen content, 5.1 
per cent, is unfavorable for its utilization as a source of nitrogen in fertilizer 
mixtures, but its excellent mechanical condition and drying properties would 
suggest a definite value as a conditioner and auxiliary source of nitrogen. 
Inasmuch as this material consists very largely of dried and reversible organic 
colloids, the gradual rate of nitrification may be closely related to the colloidal 
property of the activated sewage sludge. Further investigations with this 
material are being conducted under field conditions, and the colloidal phase 
of the problem will be studied in more detail. 

The amount of nitrogen added to these soils, as in Scries I, was equivalent 
to 57.6 p.p.m. It will be noticed in table 5 that at the lowest temperatures, 
and up to the end of the 98-day period only one material, urea, had produced 
this amount of nitrate nitrogen. In the shaded soils in the main greenhouse, 
urea, tankage, sulfate of ammonia, and fish in the order named had produced 
practically this amount in 70 days. At the highest temperature level, after 
42 days the added nitrogen was equaled in amount by the nitrate nitrogen 
produced from all the materials compared, except activated sewage sludge. 

In comparison with soil-nitrification studies as reported by Fraps (29), and 
others, in which the maximum amount of nitrate formation took place within 
the first 4 weeks, the relatively slow rates of nitrification shown by this soil 
during the early weeks and the high nitrate accumulations in the later periods, 
are worthy of notice. Not only were the temperature levels employed lower 
than usually has been the case in such studies, but the bacterial population 
of this soil is comparatively low. The low content of total organic matter, 
and the porous drouthy conditions observed in the field, explain this deficiency. 
The work of Bonazzi (13) on the mechanism of nitrification would indicate that 
a carbon dioxide deficiency in the early stages may possibly have retarded the 
rate of nitrification. 

With respect to 11-ion concentration there was no observable correlation 
with the differences in mean temperatures. With the exception of sulfate of 
ammonia, which invariably decreased the pH values, the various materials 
gave only inconsistent and inconsequential differences in soil reaction. 

Series III. The leaching of nitrates as injluenced by various nitrogenous materials 

The duration, the periods of sampling, the soil, and the analysis and rate of 
application of the fertilizer were the same in Series III as in Series I and II. 
Twelve glass percolation cylinders 7 inches in diameter by 14 inches in depth 
and slightly conical in shape, were used as containers. These were enclosed 
in a large wooden case 12 by 135 by 14 inches, as shown in figure 1. 

To insure adequate drainage at the outlet and to prevent the loss of soil, 60 
gm. of quartz gravel, the size of small marbles, was placed in the bottom of 
each cylinder and upon this was placed a layer of fine gravel. Each of the 
cylinders were then filled with 5500 gm. of sifted air-dry soil. The soil was 
moistened and leached six times between the dates of October 29 and November 
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26, to insure uniform drainage conditions. The leachings of November 26 
contained an average of 4.3 mgm. of nitrate nitrogen. The top 3 inches— 
1000 gm.—of the soil was then removed from each cylinder and air-dried, 
after which it was thoroughly mixed with 5.5 gm. of 7- 6-5 fertilizer and returned 
to the percolators. The fertilizer was mixed with the surface 3 inches of soil, 
rather than with the entire mass, to prevent mechanical loss from washing. 
The soil was then moistened by the addition of 2(X) cc. of distilled water and at 
14-day intervals thereafter, the entire mass was leached with 825 cc. of distilled 
water added slowly to each cylinder. The volume of leachings obtained from 
each is shown in table 8. Calculated on the acre-inch basis for rainfall, and 
on the assumption that the weight of one acre of surface soil is 2 million pounds, 
these additions approximate a bi-weekly rainfall of inches. Three days 
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Fig. 1. Diagrammatic Cross-section of Cylinder and Case 


after each addition of water the soil in each cylinder was cultivated to a depth 
of i inch. 

The application of 5.5 gm. of fertilizer to 5500 gm. of soil corresponds to a 
field application of 2000 pounds per acre of the fertilizer mixture, which con¬ 
tains the equivalent of 115.2 pounds of nitrogen. In each mixture all of the 
phosphorus was derived from 16 per cent acid phosphate and all of the potas¬ 
sium from potassium sulfate. Nitrate of soda, sulfate of ammonia, dried 
ground fish, and packing-house tankage were used singly and in combination 
as the sources of nitrogen. The various proportions of nitrogen carriers used 
for each cylinder are given in tables 6 and 7. In the fertilizers containing all 
four of these nitrogenous materials, the inorganic nitrogen was supplied in 
equal amounts by nitrate of soda and sulfate of ammonia, and the organic 




TABLE 6 

Nitrogen {as nitrate) leached at 14-day intervals with totals to date 
(Nitrogen added in fertilizer 316.6 mgm.) 
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APRIL 8 

112 DAYS 

l**°X 

mgm. 

359.1 
267 5 

263.8 
272.5 

261.1 

336.9 
294.2 

300.9 

272.0 

309.4 

341.4 

67.5 

paippa'j 

mgm. 

5 1 

5 6 
10 8 

6 7 
10 8 

6 2 
9.4 

8 2 

6.8 

6.9 

5 7 

5.3 

MARCH 25 

98 DAYS 


mgm. 

354.0 

261.9 

2S3.0 

265.8 

250.3 

330.7 

284.8 

292.7 

265.2 

302.5 

335.7 

62.2 


mgm. 

3.1 
4.5 

10 0 
4 7 

8.1 

4.2 
8.4 

6 1 

6.0 

7.3 

4.1 

3.1 

MARCH 11 

84 DAYS 

I«1°X 

mgm. 

350.9 

257.4 
243.0 
261.1 
242 2 
326 5 

276.4 

286.6 

259.2 

295.2 

331.6 

59.1 

patppa'j 

mgm. 

3 6 
6 4 
16.8 
5.2 
12.8 

5.5 
10.9 

11.6 

9.1 

7.5 

5.4 

5.1 

V) 

r-» 

po 

as 

a 

m°X 

mgm. 

347.3 
251 0 
226 2 
255 9 
229 4 
321.0 
265 5 

275 0 

250.1 

287.7 

326.2 

54.0 

paqDpyj 

mgm. 

6 9 
14 9 
21.1 
9 1 
20 5 

9.8 
16.8 

15.8 

14.8 

12 6 

9.9 

3.6 

FEBRUARY 11 
56 DAYS 

1**>X 

mgm. 

340 4 
236 1 

205.1 
246.8 
208 9 
211 2 
248 7 

259.2 

235.3 

275 1 

316 3 

50.4 

paqoua*! 

mgm. 

22 4 
51 2 
51.8 

40 5 
39 2 
30 0 

41 9 

42 7 

37 9 

37 0 

42.0 

8 4 

JANUARY 28 

42 DAYS 

1**<>X 

mgm 

318.0 
184.9 
153 3 
206 3 
169 7 
281 2 
206 8 

216 5 

197 4 

238 1 

274 3 

42.0 


mgm. 

68 8 
84 9 
68.6 
76.2 
71 8 
74 3 
74 2 

54.4 

63.5 

67.4 

72.4 

6.9 

JANUARY 14 

28 DAYS 

I^<>X 

mgm. 

249 2 
100 0 
84 7 
130 1 
97 9 
206 9 
132 6 

162 1 

133.9 

170.7 

201.9 

35.1 

paqoBO'j 

mgm. 

186 4 
78 5 
68 8 

105 0 
76 1 

127.6 

87.2 

106 4 

94.5 

127.6 

171 8 

19.7 

DECEMBER 31 
14 DAYS 

I«*°X 

mgm. 

62.8 
21.5 
15.9 
25 1 
21.8 

79.3 
45 4 

55.7 

39.4 

43 1 

30.1 

15.4 

paip^yj 

mgm. 

62 8 
21 5 
15 9 
25 1 
21.8 

79.3 
45 4 

55.7 

39.4 

43.1 

30.1 

15.4 


i 

jj 

l 

S 

1 

s 

1 

Nitrate of soda 

Sulfate of ammonia 

Dried ground fish 

Urea 

Packing house tankage 
i nitrate; j sulfate 

40 per cent inorganic; 60 per cent 
organic 

50 per cent inorganic; 50 per cent 
organic 

60 per cent inorganic; 40 per cent 
organic 

70 per cent inorganic; 30 per cent 
organic 

80 per cent inorganic; 20 per cent 
organic 

Check—0-6-5 


1 

H fsj ro lO o N 00 Os O <M 


5.5 gm. fertilizer per 5500 gm. soil. 




FACTORS INFLUENCING NITROGEN EFFICIENCY 


155 


nitrogen, in equal amounts by fish and tankage. Except for cylinder 4, in 
which urea was used as the sole source of nitrogen, these mixtures and rates of 
application are exact duplicates of those employed in the field-plot 
experiments. 

Table 6 gives the milligrams of nitrate nitrogen leached at each 14-day 
interval with the total amounts to date. Table 7 gives the same information 
in terms of percentage of the added nitrogen leached to date at the end of each 
14-day interval. Table 8 is included merely to show the drainage conditions 
which existed at each date of leaching throughout the total period of 112 days. 


TABLE 7 

Proportion of added nitrogen leached at 14-day intervals 
(825 cc. distilled water—equivalent to 1.5 inches rainfall added every 14th day) 


f 

SOURCE or NITROGEN IN 7-6-5 FERTILIZER 

DECEMBER 31 
14 DAYS 

JANUARY 14 

28 DAYS 

JANUARY 28 

42 DAYS 

FEBRUARY 11 
56 DAYS 

FEBRUARY 25 
70 DAYS 

si 

3 

MARCH 25 

98 DAYS 

5 

00 a 

fi- 

< 



ter 

per 

Per 

per 

Per 

per 

per 

per 



cent 

cent 

cent 

cent 

cent 

cent 

cent 

cent 

1 

Nitrate of soda 

15.0 

67 6 

87 2 

91 6 

92 6 

92.2 

92.2 

92.1 

2 

Sulphate of ammonia 

1 9 

20.5 

45.1 

58.6 

62 2 

62.6 

63.1 

63.2 

3 

Dried ground fish 

0 2 

15.7 

35 2 

48 9 

54 4 

58.1 

60.3 

62.0 

4 

Urea 

3.1 

30.0 

51.9 

62 0 

63 8 

63 8 

64.3 

64.8 

5 

Packing house tankage 

2 0 

19.8 1 

40 3! 

50 1 

55.4 

57.9 

59.4 

61.1 

6 

§ nitrate; } sulfate 

20.2 

54 3! 

75.6 

82.4 

84.3 

84.5 

84.8 

85.1 

7 

40 per cent inorganic; 60 per cent 

9 5 

30 8 

52.L 

62.6 

66 8 

68 6 

70.3 

71.6 


organic 









8 

50 per cent inorganic; 50 per cent 

12.7 

40 1 

55.1 

66 1 

69.8 

71 8 

72.8 

73 7 


organic 









9 

60 per cent inorganic; 40 per cent 

7 6 

31.2 

49 1 

58 4 

61.9 

63 2 

64.1 

64.6 


organic 









10 

70 per cent inorganic; 30 per cent 

8.7 

42.8 

61 9 

71 0 

73 8 

74 6 

75 9 

76 4 


organic 









11 

80 per cent inorganic; 20 per cent 

4 6 

52 7 

73.4 

84 0 

86.0 

86.1 

86.4 

86 5 


organic 









12 

Check 0-6-5 (subtracted in each case for the corresponding period) 





*5,5 gm. fertilizer per 5500 gm. soil. 


The original soil contained 0.041 per cent of total nitrogen, or 2.255 gm. in 
each cylinder, to which was added 0.3166 gm. in the fertilizer mixture. From 
table 6 it may be observed that after subtracting the amount leached from the 
checks, the total amount of nitrate-nitrogen recovered after 112 days was 
in no case equal to that added in the fertilizer. Other investigators have 
shown that soluble salts of phosphorus and potassium stimulate the nitrifica¬ 
tion of the nitrogen of the soil. A comparison of the 4.3 mgm. of nitrate- 
nitrogen per cylinder, obtained from the last leaching prior to the addition of 
the fertilizer, with the amounts shown for cylinder 12 at the 14- and 28-day 
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periods, indicates a marked stimulation of nitrification by the acid phosphate 
and potassium sulfate. A part of this stimulation must be ascribed, however, 
to the thorough aeration of the portion of soil removed for mixing with the 
fertilizer. 

It must be recognized that not all of the nitrogen leached from any one of the 
cylinders came from the fertilizer. In the two series just described, there were 
a number of instances in which the nitrate accumulation exceeded the amount 
of added nitrogen plus the nitrate accumulation in the soils receiving phosphate 
and potash only. This indicates that the nitrification of the soil nitrogen was 
stimulated by the nitrogenous materials as well as by the phosphorus and 
potassium salts. Even though the nitrate leached from any of the cylinders 


TABLE 8 

Total volume of teachings at various time intervals 


NUM¬ 

BER 

TREATMENT 

14 

DAYS 

28 

DAYS 

42 

DAYS 

56 i 

DAYS 

70 

DAYS 

84 

DAYS 

98 

DAYS 

112 

DAYS 

1 

Nitrate of soda 

CC 

295 

CC 

705 

CC. 

1,195 

CC 

1,730 

CC 

2,172 

Cl 

2,517 

CC. 

2,700 

tv. 

3,068 

2 

Sulfate of ammonia 

420 

985 

1,433 

1,988 

2,455 

->871 

3,179 

3,574 

3 

Dried ground fish 

392 

962 

1,467 

2,047 

2,449 

2,891 

3,176 

3,523 

4 

Urea 

379 

949 

1,324 

1,919 

2,329 

2,092 

2,970 

3,325 

5 

Packing house tankage 

345 

910 

1,355 

1,892 

2,327 

2,737! 

2,997 

3,342 

6 

\ nitrate; \ sulfate 

410 

1,008 

1,522 

2,079 

2,557 

2,980| 

3,290 

3,698 

7 

40 per cent inorganic; 60 per cent 

445 

1,013 

1,476 

2,063 

2,546 

2,976' 

3,299 

3,652 

8 

organic 

50 per cent inorganic; 50 per cent 

397 

947 

1,352 

1,928 

2,332 

2,762 

3,009 

3,376 

9 

organic 

60 per cent inorganic; 40 per cent 

394 

939 

1,297 

1,762 

2,126 

2,481 

2,729 

3,029 

10 

organic 

70 per cent inorganic; 30 per cent 

365 

901 

1,273 

1,763 

2,143 

2,507 

2,783 

3,088 

11 

organic 

80 per cent inorganic; 20 per cent 

445 

! 975 

1,337 

1,862 

2,262 

2,687 

2,989 

3,333 

12 

organic 

No nitrogen 

358 

914 

1,292 

1,857 

2,222 

2,670 

2,890 

3,220 


receiving nitrogen did not exceed that leached from the check cylinder by the 
amount added, it is evident that a part of the soil nitrogen was leached and 
that a part of the added nitrogen was utilized by soil microorganisms. A 
clearer comparison of the various materials is obtained, however, by subtracting 
the nitrate leached from the check cylinder at each time period, from that 
leached from each of the other cylinders, and by expressing the net amounts as 
percentages of the nitrogen added in the fertilizer. 

Table 7 shows in general that the rapidity of leaching and the amount of 
nitrates lost in the drainage water vary directly with the proportion of the 
nitrogen supplied by nitrate of soda. Conversely the greater the proportion 
of organic ammoniates, the slower was the rate of leaching and the smaller the 
total amounts lost during the 112-day period. From cylinders 1, 6, and 11, 
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to which the nitrogen was added in the forms of nitrate of soda, of the 50-50 
ratio nitrate of soda and sulfate of ammonia, and of the 80-20 ratio respectively, 
more than 50 per cent of the added nitrogen was leached at the first two periods, 
i.e. by 3 inches of rainfall. By the third period the equivalent of 50 per cent 
or more of the added nitrogen had been leached from the soils receiving nitrogen 
as urea, and as the 40-60, 50-50, and 70-30 inorganic-organic ratios. By the 
fourth period the sulfate of ammonia, the tankage, and the 60-40 ratio had 
leached to the same extent. The cylinder receiving fish, however, did not lose 
nitrogen to this extent until the fifth period, or after 70 days had elapsed and 
the equivalent of a total of 7 \ inches of rainfall had been added. 

The treatments ranked as follows with respect to the total amount of nitrate 
leached: 1. nitrate of soda; 2. the 80-20 ratio; 3. ^ nitrate of soda —\ sulfate 
of ammonia; 4. the 70-30 ratio; 5. the 50-50 ratio; 6. the 40-60 ratio; 7. 
urea; 8. the 60-40 ratio; 9. sulfate of ammonia; 10. fish; 11. tankage. * These 
may also be considered the relative rates of availability. 

Cylinder 9, which received its nitrogen from the 60-40 ratio is evidently out 
of line, although no satisfactory explanation has been found. It may be due 
in part to a greater evaporation from the surface of the soil and hence to a 
slightly smaller total volume of lcachings, as shown in table 8. For the first 
three periods, however, the volume of leachings from this cylinder was greater 
than from some of the others. The growth of oats, planted in these cylinders 
after the 112-day period, seems to indicate that an appreciable amount of the 
fertilizer nitrogen added to this cylinder remains in the soil. In fact, for all 
the cylinders the growth of this crop is inversely proportional to the amount 
of nitrate leached. 

At Ihc start of this experiment no analyses were made to determine the 
amounts of ammonia-nitrogen which may have leached from the cylinders 
receiving sulfate of ammonia. It is not probable that any appreciable amount 
of ammonia-nitrogen was leached as such. The following considerations would 
support this belief: («) the fact that the soil was slightly acid, pH 6.4; ( b) 
the fertilizer was added to the surface 3 inches only; (c) 14 days elapsed between 
the moistening of the soil and the date of the first leaching; id) the actual 
amount and the proportion of nitrate leached at the first period from the 
cylinder receiving nitrate of soda were relatively small. The fact that nitrates 
leach much more rapidly than ammonia, especially in acid soils, has long been 
recognized. Fraps (28) has shown that 500-gm. portions of soil, to which 
ammonium chloride had been added to the extent of 51.7 p.p.m. of ammonia 
nitrogen, when leached immediately, retained from 61 to 98.5 per cent of the 
ammonia added. For cylinder 2, to which all of the nitrogen added was in the 
form of sulfate of ammonia, the 316.6 mgm. of nitrogen added to 5500 gm. of 
soil is equivalent to 57.5 p.p.m. of ammonia nitrogen. In view of the afore- 
stated considerations and conditions of this experiment, it is improbable that 
any appreciable amount of nitrogen was lost in the leachings in the ammonia 
form. 
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Considering from another angle, this question for cylinder 2, the 5.5 gm. of 
fertilizer added contained 1.493 gm. sulfate of ammonia. Adding the approxi¬ 
mate 1200 cc. of capillary moisture held by the soil in each cylinder, to the 
825 cc. of water used to leach the soil, gives a total of approximately 2 liters 
of water present at each leaching. These amounts of water and sulfate of 
ammonia would give approximately a tV N solution. Wolkoff (82) found that 
on adding 4 cc. of a ■£% N ammonium sulfate solution to 20 gm. of Sassafras 
medium sandy loam, the freezing point depression was lowered 47 per cent 
because of absorption. Garretson (32) in studying the soils of Java, added 
sulfate of ammonia in amounts equal to 1 per cent of the weight of the soil. 
He found that after nitrification, about 81.5 per cent of the added nitrogen 
could be leached as nitrate; whereas before nitrification, from one to two per 
cent only of the added nitrogen was leached by the same procedure. From the 
foregoing it seems permissible to assume that the leaching of nitrogen in the 
form of ammonia did not appreciably influence the total loss of nitrogen in the 
drainage water. 

The rapid leaching of nitrates during the early periods from cylinder 4, in 
which urea was used entirely as the source of nitrogen, is in complete agree¬ 
ment with the pot experiments of Series I and II. The relatively small total 
amount of nitrate leached from this cylinder during the entire period, is also 
in agreement with the data of the preceding experiments, in that the total 
nitrate accumulation from this material was in many instances less than from 
sulfate of ammonia, fish, or tankage. 

There are several factors which influence the leaching of nitrogen applied 
to soils in commercial fertilizers. Briefly, they are: the chemical form in 
which the nitrogen is applied, the organic matter and nitrogen content of the 
soil, the microbiological flora, the mechanical composition, the moisture con¬ 
tent, and the soil temperature, all of which influence the rate of nitrate forma¬ 
tion. The influence of these factors was demonstrated in the pot cultures of 
Series I and II. In this Series the influence of various combinations of nitroge¬ 
nous materials on the rate of nitrification is apparent. Since all useful 
nitrogenous fertilizer materials produce appreciable amounts of nitrate ni¬ 
trogen in the soil within the growing season in which the application is made, 
the question resolves itself to that of a balance between the rate of nitrification 
and the soil and climatic factors which favor or inhibit rapid leaching. The 
combinations of nitrogenous materials employed in this experiment indicate 
that within certain limits the rate of nitrate formation may be controlled by the 
judicious mixing of various materials. 

It is well known that, because of climatic and soil temperature conditions, 
early vegetable crops can best be produced on sandy soils. Such soils are 
always relatively deficient in clay and silt, i.e. in colloids and the materials 
from which colloids may readily be formed. Although the soil selected for 
these leaching experiments may present a rather extreme type of these soils, 
in that it contains nearly 89 per cent total sands and only 11 per cent silt and 
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day, it affords an excellent medium for the comparison of nitrogenous ma¬ 
terials. Furthermore, considerable areas of this soil exist, and may be cropped 
successfully when the sources of nitrogen are adequatey balanced, and the 
method and time of application are adapted to the existing conditions. 

There is a definite and well defined nitrogen problem with these soils. Their 
mechanical composition, the summer drouth, and the cropping system to 
which they are best adapted, all make it impractical to attempt to build up high 
organic matter and total nitrogen contents. The cash crops require ap¬ 
preciable quantities of nitrate nitrogen early in the season, in order to force 
growth against the influence of unfavorable soil and air temperatures. At such 
times the soil temperature is usually too low to promote rapid nitrification of 
many of the commercial organic materials used in fertilizers. Consequently 
some nitrate nitrogen must be included. Small local areas in the Sassafras 
soils and extensive areas of the Norfolk soils, have subsoils containing even 
less silt and clay than the surface soil. The present experiment has shown 
that soils deficient in colloidal material have a relatively small capacity for the 
absorption of nitrates. 

At the experimental field at Snow Hill, Maryland, there was a total rainfall 
of 18.2 inches during the growing season for the early potato crop, from March 
26 to June 30, 1924. In addition, the date of planting had been considerably 
delayed by excessive rainfall prior to March 26. Both on May 24 and June 9, 
more than 3 inches of rain was measured by the rain-gauge within 24-hour 
periods. On May 18 nearly 2 inches of rain fell, and on March 29, April 6, 
and May 21, 1 inch or more of rainfall was recorded. These heavy precipita¬ 
tions undoubtedly leach a considerable proportion of the nitrate nitrogen 
present at the time from the surface soil to the subsoil. Unless the subsoil 
has an appreciably higher silt and clay content than the surface soil and if its 
capillary contact is broken by a layer of relatively coarse sand, it is doubtful 
whether much of the nitrate-nitrogen leached is again brought to the surface. 
Especially in these tidewater regions, lying from 5 to 20 feet above mean sea 
level, and in which the pemanent water table is found at a depth of 2 to 4 
feet, the recovery of nitrates once leached from the surface soil is evidently 
quite small. 

The duration of the leaching experiments was 112 days, during which time 
the equivalent of 12 inches of rainfall had been added to each cylinder. In the 
field during the 1924 season, this amount of precipitation had occurred within 
62 days after the early potato crop had been planted. Table 7 shows that, 
from cylinders 1,6, and 11, which received 100,50, and 40 per cent respectively 
of the added nitrogen as nitrate of soda, the equivalent of 92 to 85 per cent of 
the fertilizer nitrogen had been leached. In fact 6 inches, or one-half the 
amount of rainfall, in 6 days less time, leached 91.6, 82.4, and 84.0 per cent 
respectively of the amount of nitrogen added to these cylinders. From this 
it is evident that for these soils when the amount of nitrate present is in excess 
of the feeding-power of the crop plus the absorptive capacity of the soil, the 
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amount of nitrate leached depends entirely on the characteristics of the sub¬ 
soil and the distribution and amount of rainfall. The malnutrition of the early 
potato crop, so frequently observed on these soils, may thus be explained by 
the fact that too great a portion of the fertilizer nitrogen was supplied as 
nitrates or readily nitrifiable materials. 

Aside from the growing of leguminous green manure crops whenever practi¬ 
cable, the nitrogen problem for these soils resolves itself into that of using a 
fertilizer that will yield sufficient nitrate nitrogen to produce the early growth 
desired, but which at no time will give a large accumulation of nitrate to be 
lost in the drainage water. To obtain this result all of the type materials 
compared in these experiments can be employed profitably, but the first es¬ 
sential is a clear understanding of the soil conditions influencing the rate at 
which each material produces nitrate nitrogen. 

SUMMARY AND CONCLUSIONS 

1. The optimum soil-moisture content for nitrate production from various nitrogenous 
materials applied in a 7-6-5 complete fertilizer, was found between 50 and 60 per cent of the 
water-holding capacity for Norfolk sandy loam soil. 

2. There was a larger nitrate accumulation from urea at 70 per cent of the water-holding 
capacity of the soil than from sulfate of ammonia, dried ground fish, or packing house tankage. 

3. After the first period of rapid nitrification, the fluctuations of nitrate nitrogen in this 
soil appear to be the result of the activity of soil microorganisms, rather than of diffei- 
ences in soil-moisture, temperature, or reaction. 

4. Up to 20 to 30°C., which was th® highest temperature range employed, nitrate pro¬ 
duction from sulfate of ammonia, urea, dried ground fish, packing house tankage, and acti¬ 
vated sewage-sludge increased directly with the temperature. 

5. At all temperatures, urea showed the most rapid rate of nitrification; at all except the 
lowest temperature level, sulfate of ammonia gave the highest ultimate accumulation of 
nitrate. 

6. When both rate of nitrate production and rate of nitrate accumulation in this soil are 
considered, the materials employed rank in the following order: nitrate of soda, urea, sulfate 
of ammonia, dried ground fish, packing-house tankage, and activated sewage sludge. 

7. The leaching of nitrates from Norfolk sandy loam soil, following an application of a 
7-6-5 fertilizer equivalent to 2000 pounds per acre, varied directly with the proportion of the 
nitrogen supplied by nitrate of soda in the mixture. 

8. When used as the sole source of nitrogen in this analysis ratio, there was little dif¬ 
ference in the total amounts of nitrates leached from sulfate of ammonia, urea, dried ground 
fish or packing-house tankage; although more nitrate-nitrogen leached during the early 
periods from the cylinder receiving nitrogen from urea. 
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For a long time it has been known that many soils fail to give a good crop 
response, even after adequate applications of fertilizers containing nitrogen, 
phosphorus, and potassium, and after the correction of the acidity through the 
addition of limestone. The plants growing in these soils often give evidence 
of soil toxicity, such as by lack of suitable growth, yellowing of the leaves, and 
white stripes developing in the leaves. Evidence accumulating in recent years 
leads one to believe that the cause of the trouble is closely associated with the 
forms of the iron and manganese contained in the soil. It is well known that 
iron is essential to plant growth and it is believed that small amounts of 
manganese are also desirable and necessary (11) for good plant growth, but 
their relationship to soil toxicity and plant disease is a matter of more recent 
development. 

EVIDENCE OF SIMILAR TOXICITY IN THE HAWAIIAN SOILS 

The Hawaiian soils which are unusually high in iron and manganese have 
been investigated by Kelley (9), Johnson (8), McGeorge (10), and others, 
because of their toxicity to sugar cane and pineapple. A difference of opinion 
exists as to the real cause of pineapple chlorosis. McGeorge (11) believes the 
chlorosis found in the manganese soils “is due to a greater accumulation of 
lime indirectly caused by the presence of manganese in excessive amounts in 
the soil. ,, Gile (7) found in Porto Rico that with heavy applications of stable 
manure to manganese soil containing about 30 per cent of lime it was possible 
to obtain a normal growth of pineapples, and Kelley in Hawaii found that this 
heavy manure treatment made it possible to obtain a good growth of pine¬ 
apples on manganese soils. 

FORMS OF IRON AND MANGANESE IN CERTAIN INDIANA SOILS 

The presence of iron and manganese in forms which cause toxicity has been 
noted in many different soils in Indiana as well as in other states, but especially 
is this true of the experimental fields (11) near Bedford and Scottsburg, In¬ 
diana. It was thought worth while to study this latter area and to call atten- 

1 Division of Agricultural Chemistry. 
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tion to the similarity of the treatments which have been helpful here and in the 
Hawaiian soils. The Scottsburg soil is what is known as “yellow clay” and 
responds well to manure treatment (as shown in plots 14 and 15, table 1), 

TABLE 1 


Limestone requirement , crop yields, and potassium thiocyanate color changes of the Scottsburg soils 


PLOT 

LIME 

REQUIRED 

COLOR* OP KCNS SOLUTION ON 
STANDING 

TREATMENT 

AVERAGE CROP YIELDS 
1906-1922 

NUMBER 

BY 

KCNS 

1 hour 

36 

hours 

60 

hours 

100 

hours 

Com 

Wheat 

Clover 

It 

pounds 

2,500 

DR 

0 

DR 

DR 

DR 

T 

n * 

bushels 

23.9 

bushels 

7.1 ! 

pounds 

189 

2f 

2,300 

DR 

DR 

DR 

DR 

T, NPK 

32 2 

12.7 

364 

3 

1,300 

R 

R 

R 

R 

L, NPK 

36.2 

13.6 ! 

468 

4 

1,400 

R 

R 

R 

R 

L 

22.9 

6 9 

288 

5 

900 

R 

LR 

LR 

LR 

L, NPKJ 

35.1 

12.2 

671 

6 

700 

R 

LR 

LR 

LR 

L, NPK§ 

35 9 

13.7 

622 

7 

200 

P 

G 

G 

VG 

1 Treatment changed 1920 

8 

600 

LR 

P 

VLG 

VLG 

L 

27.0 

8 4 

457 

9 

100 

P 

C 

G 

VG 

L, AP 

35.0 

12.4 

655 

10 

2,000 

DR 

DR 

DR 

DR 

O 

20.6 

6 9 

274 

11 

1,800 

DR 

DR 

DR 

DR 

AP 

32 9 

11.1 

522 

12 

700 

R 

LP 

C 

G 

L, RP 

40.0 

11.5 

769 

13 

1,200 

R 

! LR 

P 

VLR 

L 

28.7 

8 0 

509 

14 

1,200 

R 

P 

G, 

VG 

L, RP, M 

53 5 

17 5 

1552 

15 

1,400 

| R 

LP 

LG 

G 

L, M 

52.7 

16.8 

1344 

16 

900 

LR 

! lg 

G 

VG 

L 

28 0 

8.0 

571 

17 

1,200 

R 

| LR 

G 

VG 

L, PK 

38 0 

14.0 

854 

18 

1,100 

R 

LR 

G 

VG 

L, NPK 

39 4 

16.9 

713 

19 

1,100 

R 

| LP 

G 

VG 

L 

27.6 

8.0 

475 

20 

900 

R 

LG 

G 

VG 

L, NPK 

40.3 

16.1 

815 

21 

1,000 

R 

j LG 

G 

VG 

L, NP 

41.5 

14.7 

855 

22 

1,000 

R 

I LP 

G 

VG 

L 

28.8 

8.8 

584 


* P, pink, DR, dark red; LR, light red; C, colorless; G, green; VG, veiy green, 
t Timothy instead of clover in rotation, 

X Half of P from bone and half from acid phosphate. 

{ P from steamed bone. 

L —2 tons limestone per acre—1911. 

M—10 tons manure on corn until 1919 lowered to 5 tons in 1920. 

AP—150 pounds 16 per cent acid phosphate on wheat (began 1915); 150 pounds 16 par cent 
acid phosphate on com. 

RP—1 ton rock phosphate per acre 1905 also in 1911. 

NPK—300 pounds 2-8-4 on wheat and additional; 300 pounds on corn beginning 1915. 


but not well to complete fertilizer. As in the Hawaiian soils, the iron and 
manganese toxicity is not lessened much by liming, although the toxic alumi¬ 
num has been largely overcome by this treatment as is shown by the lime 
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requirement. Other soils, such as that at North Vernon, with low organic 
content but with no appreciable amount of manganese in the dioxide form, 
usually respond well to treatment of commercial fertilizers, and good crop 
yields are obtained. 

Table 1 shows the treatment and crop yield of the Scottsburg plots from 1906 
to 1923. In addition, the limestone requirement by the quantitative potassium 
thiocyanate method (3) is given, as well as the effect of the presence of manga¬ 
nese dioxide upon the fading out of the red color of ferric thiocyanate. 



0 1 B 5 4 567 69 10 11 IS 13 CC. 

0 1 N NaOH per 100 cc. op Solution 

Fig. 1. Precipitation of Aluminum, Ferric and Ferrous Iron, Manganese and Mag- 
nesium as Hydroxides and Calcium Bicarbonate as Calcium Carbonate 

(Indus, and Engin. Chem . 15 : 634) 

It win be noted from table 1 that the crop increase due to* the use of manure 
in plots 14 and 15 was considerable, and that no combination of commercial 
fertilizers produced similar yields. The addition of rock phosphate made 
little improvement over manure in the crop yield in jslot 14. Hence it is 
evident that the organic matter was able to correct, to a considerable extent, 
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the toxicity which the application of complete commercial fertilizers did not 
greatly alter. One important reason for the great crop increases in plots 14 
and 15 is believed to be the reduction, by the rotting manure, of some of the 
manganese dioxide and some of the ferric iron to the ferrous form, in which 
condition iron remains in solution and available to the plant when the reaction 
of the soil is less acid than pH 5.5 as previously shown by the writers (fig. 1). 
It is believed by Johnson (6) that the improved pineapple growth reported in 
the Hawaiian soils from the addition of manure was due to the availability of 
the iron reduced from the ferric to the ferrous condition by the manure. It 
will be noted from figure 1 that ferrous iron is not easily precipitated as a 
hydroxide and seems to be available to plants even when the soil is about 
pH 8. 

METHODS OF DETERMINING MANGANESE DIOXIDE AND FERROUS IRON IN SOIL 

In this investigation one of the methods used to determine manganese 
dioxide quantitatively in the soil was a modified Bunsen method in which 
hydrochloric acid is added to the soil, the liberated chlorine is distilled into a 


TABLE 2 

Showing the weight of manganese dioxide added to Jive-gram samples of soil, and the 

amounts recovered 


SOIL NUMBER 

MnOs ADDED , 

MnOi RECOVERED 

difference 

1 

0.1531 

gm. 

0.1521 

0.0010 

2 

0.1392 

0.1347 

■mssm 

3 

0 1516 

0.1436 


4 

0.1392 

0.1384 

^Bsni 

5 

0.1531 

0.1476 


6 

0.1516 

0.1436 

m 


potassium iodide solution, and the free iodine thus formed is treated with 
standard sodium thiosulfate. Since organic matter in the soil seriously in¬ 
terferes with chlorine liberation, different compounds were tried to get rid of 
this interference as much as possible. The addition of 0.2 gm. of mercuric 
oxide to 5 gm. of soil was found to be fairly successful. This causes some kind 
of a combination between the mercury and organic material when boiling with 
the hydrochloric acid. The mercury-organic compound could be seen moving 
about in the form of “balls” in the boiling mass. In order to test the accuracy 
of this method, a known amount of manganese dioxide was added to each of a 
series of different soil types having an organic content from three to seven per 
cent (manganese dioxide was not found in soils high in organic matter) and 
then an attempt was made to recover it. The data thus obtained are given in 
table 2. 
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FERROUS AMMONIUM SULFATE METHOD OF DETERMINING MANGANESE DIOXIDE 

IN SOIL 

Manganese dioxide in soil was determined more satisfactorily by use of a 
ferrous ammonium sulfate method as follows: 

Five grams of soil and 100 ml. of a 5 per cent solution of ferrous ammonium sulfate to 
which had been added concentrated sulfuric acid at the rate of 6 ml. to the liter were placed 
in a tall shaker bottle of about 200 ml. capacity. The soil and solution were thoroughly mixed 
and the bottle was then placed in boiling water for 30 minutes. The soil and solution were 
mixed by shaking several times during the digesting period. After the digestion had been 
completed the bottle was placed in an upright position and allowed to remain until the soil 
had settled. Twenty-five-milliliter samples were pipetted off into 250-ml. Erlenmeyer flasks, 
and 50 ml. of water, 25 ml. of concentrated nitric acid,and about } gm. of sodium bismuthate 
were added and the contents boiled slowly for about ten minutes. If the red color of the 
sodium permanganate disappeared, more sodium bismuthate was added and the contents 
were boiled again. This process was repeated until the red color remained after 5 minutes 
of gentle boiling. A few milliliters of 5 per cent sodium nitrate solution was added to reduce 
any manganese dioxide that may have formed during the boiling. The flask was next cooled 
to room temperature and about 0.4 gm. of sodium bismuthate was again added. The flask 
and contents were allowed to stand for 15 to 20 minutes so that all the manganese would be 
oxidized to permanganate. The contents of the flask were filtered through an asbestos filter, 
washed, and the filtrate was titrated at once with standard sodium arsenite. 

DETERMINATION OF SOLUBLE MANGANESE (OTHER THAN MANGANESE DIOXIDE) 
AND THE FERROUS IRON IN A SOIL 

It has been shown by Mitschek (13) that 0.27 II 2 S0 4 does not dissolve 
manganese dioxide. This has been verified by the writers as shown by data 
in figure 2. The easily soluble manganese in the soil (other than manganese 
dioxide) and the ferrous iron were dissolved by heating 10 gm. of 100-mesh 
soil with 200 ml. of 0.2 N H 2 S0 4 in boiling water for 30 minutes. When cool, 
aliquots were taken for the determination of manganese as given above (leav¬ 
ing out the ferrous ammonium sulfate). The ferrous iron was determined by 
titrating an aliquot with 0.1 N potassium dichromate using diphenolamine as 
the indicator. Data obtained by this method checked fairly well with the 
Bergeim (2) method of obtaining ferrous iron in feces. The results obtained 
by the various methods just described are given in table 2. 

GREEN COLOR OF POTASSIUM THIOCYANATE SOIL SOLUTION AS AN INDICATOR OF 

MANGANESE DIOXIDE 

In a previous article (4) the writers called attention to the green color when 
determining the limestone requirement by the quantitative potassium thio¬ 
cyanate method (3) and attempted an explanation of the cause of the red color 
fading out when the Comber (5) qualitative method for soil acidity was used 
on soils. A method to obviate the fading out of the red color in this process 
has been suggested by Emerson (6). He concludes that the fading out is due 
to the presence of soluble phosphates and has developed a solution for testing 
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soils in which the interfering phosphate is first precipitated. This method, 
however, was used on the soils noted in table 1, as well as on many other soils 
containing manganese dioxide, and, as when the Comber solution was used, 
the red was found to fade out or become less red depending on the amount of 
manganese dioxide. This would indicate some other cause for this fading out. 



Fig. 2 


NATURE OP THE GREEN MANGANESE SOLUTION 

McGeorge (11) has taken exception to a statement of the writers relative 
to the pH at which manganese is precipitated as a hydroxide from salts of 
manganese and from the potassium thiocyanate compound in alcohol.^ The 
difference of opinion seems to be a question of solution vs. colloidal suspension 
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of the manganese compound. The writers believe, in contradistinction to 
McGeorge, that the green color of the KCNS solution is not due to a definite 
chemical compound, but largely to a colloidal suspension containing manganese 
which causes a scattering of light, as shown by the strong Tyndal cone effect 
observed in the green liquid. Anderegg and Lutz (1) believe that this colloidal 
suspension is produced by the mutual effect of oppositely charged colloids, 
such as the absorption of the positive ferric iron by the negative manganese 

TABLE 3 


Amounts of ferrous iron and manganese dioxide obtained by the various methods 


PLOT NUMBER 

M11O2 

BY BUNSEN'S 
METHOD 

MnO«t by 
FefNILMSOs)* 

PLUS 

H2SO4 (A) 

M11O2* by 
H1SO4 (B) 

DIFFERENCE 

IN 

MnOt (A - B) 

Fe in 
H,S 04 


Per cent 

per cent 

per cent 

per cent 

Percent 

1 

0 065 

0 200 

0 116 

0.084 

0.106 

2 

0.068 

0 180 

0.120 

0.060 

0.106 

3 

0.055 

0.174 

0 084 

0.090 


4 

0 055 

0.160 

0.084 

0.076 


5 

0.054 

0.188 

0.140 

0.048 

0.112 

6 

0.053 

0.200 

0.136 

0.064 

0.112 

7 

0.087 

0.208 

0.142 

0.062 

0.106 

8 

0.060 

0.204 

0.128 

0.076 

0.106 

9 

0.065 

| 0.244 

0.180 

0.064 

0.095 

10 

0.060 

0.232 

0.180 

0.052 

0.106 

11 

0.075 

| 0.224 

0.136 

! 0.086 

0.106 

12 

0.073 

0.240 

0.194 

0.056 

0.127 

13 

1 0.056 

0.244 

0.184 

0.060 

0.127 

14 

i 0.026 

0.236 

0.200 

0.036 

0.191 

15 

0.030 

| 0.268 

0.244 

0.044 

0.191 

Id 

0.066 

i 0.284 

0.152 

0.132 

0.095 

17 

0.076 

0.296 

0.188 

0.108 

0.106 

18 

0.064 

’ 0 326 

0.184 

0.136 

0.106 

19 

0.065 

0.320 

0.176 

0.144 

0.085 

20 

0.074 

0.328 

0.184 

0.144 

0 095 

21 

0.068 

0.356 

0.232 

0.124 

0.106 

22 

0.077 

| 0.324 

0.204 

0.120 

0.085 


* Manganese other than manganese dioxide, 
f Total manganese. 

t Bata obtained by C. H. Keipper, unpublished. 


dioxide or by such other negative colloids as Fuller’s earth or Putman’s clay. 
Analyses of the green KCNS compound in alcohol show the presence of large 
amounts of manganese. The pH had been previously determined by the 
colorimetric method, but has been repeated electrometrically recently with 
other soil types, by the use of the quinhydrone electrode. The results show 
that the liquids with the green suspension have a pH of about 6, and that all 
were still somewhat green at pH 8.5, after the additions of successive incre¬ 
ments of 0.1 iV alcoholic potassium hydroxide. 
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CAUSES OP THE FADING OUT OF THE RED COLOR OF FERRIC THIOCYANATE 

It is well known that a basic solution of soluble phosphate will combine with 
and displace the iron of the ferric thiocyanate (Fe(CNS) 3 ) compound, but it is 
believed by the writers that there is usually no appreciable amount of soluble 
phosphate present in a wet or moist soil at the same time with easily soluble 
ferric iron available to form ferric thiocyanate. If such were the case they 
would soon combine in the soil to form iron phosphate. 

It is possible to take out the red color of Fe(CNS) 3 from a soil solution in 
various ways, as, in some cases, by adding water; soil containing Mn0 2 ; 
Mn0 2 in pure form; soluble bases or phosphates, borates, or arsenates; or 
many organic acids such as oxalic, tartaric, citric, and malic. On the other 
hand, the red color may be restored by adding a ferric salt in excess of the 
Mn0 2 , or by lowering the pH to dissolve more iron. 

DISCUSSION 

It will be noted from table 1 that in plots 14 and 15 there is less Mn0 2 in 
the soil, and that more of the iron is in the ferrous form, than in any of the other 
plots. It will be noted also in table 1 that in plots 1 to 4, and 10 to 11, to 
which there had not been enough lime or phosphate added to precipitate the 
iron as a hydroxide or phosphate, the red did not fade out, but in ail the others 
the red color disappeared in about 36 hours, the solution became colorless, and 
a very green color developed in about 100 hours. It is thus evident that 
the shade of red (or green) obtained by the Comber method in testing manga¬ 
nese soils is determined not only by the amount of base or phosphate compound 
present but also by the extent to which the ferric iron is in excess of the man¬ 
ganese dioxide in the soil sample. As one of the writers (3) has previously 
pointed out, the use of the KCNS color standard alone as a guide to the lime 
requirement of a soil, is, therefore, not reliable. 

SUMMARY 

A study of the different plots of the Scottsburg experiment field indicates 
that a toxic substance is present in the soil and that the iron present is mostly 
in the ferric condition. The conditions in the soil which cause the oxidation 
of the manganese to the dioxide form also change most of the ferrous iron to 
ferric, in which form it is not available to plants when the acidity is about pH 
6.0. This condition is counteracted to a considerable extent by the reducing 
action of manure but not by commercial fertilizers. The manure added to 
the soils studied did not greatly change the percentages of iron and manganese 
present in the soil, but their less oxidized forms seem to be more favorable to 
plant growth. This change is believed to have been the main cause for an 
annual increase of about one-third in the corn and wheat yields and an approxi¬ 
mate doubling of the clover yield. 

The presence of manganese dioxide can usually be recognized by the forma- 
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tion of a green color when the soil is tested by the quantitative potassium thio¬ 
cyanate method for acidity. The manganese dioxide often present in soil 
will cause a fading out of the red color of Fe(CNS)a, if there is less available 
iron than manganese (MnO a ) present. The KCNS color standard method 
thus may indicate a basic soil, whereas in reality the soil is acid. 
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OUTGO OF CALCIUM, MAGNESIUM, NITRATES AND SULFATES 
FROM HIGH-CALCIC AND HIGH-MAGNESIC LIMES INCOR¬ 
PORATED IN TWO SOIL ZONES 

W. H. MacINTIRE 1 

University of Tennessee Agricultural Experiment Station 
Received for publication May 17, 1926 

Although soil literature is replete with comparisons between calcium and 
magnesium in their more active forms, very little attention has been paid to 
the effects produced by joint additions of these two elements in the proportions 
approximating those found in magnesian limes. Insufficient consideration 
has been accorded the possible antagonistic effects between calcium and mag¬ 
nesium after their joint absorption from near-equal additions. It has been 
generally assumed that preponderant additions of either calcium or magnesium 
result in reciprocal liberations in the soil; but it has been demonstrated that 
such an interchange may not follow when either caustic or carbonate forms 
are incorporated throughout the surface soil. When measured by the rain¬ 
fall teachings tender humid conditions (6, 7), liberation not only failed to occur 
in certain surface soils, but calcium and magnesium incorporations were 
reciprocally repressive upon native soil complexes of magnesium and calcium. 
The reverse was found in the case of subsoil (6). There the slowly moving 
nitrate- and sulfate-impregnated solutions did effect an interchange, which 
was influenced by concentration of the neutral salts of one element, irrespec¬ 
tive of an accumulation of the carbonate of the same element in the subsoil 
through deposition from its bicarbonate carried by soil leachinp (6). Hence, 
not only may the soil solution be altered in its proportion of dissolved Cal¬ 
cium and Magnesium as a result of increase of the element added in excess, 
but the change in proportion may be further accentuated through repressed 
solubility of the soil’s content of the other element. 

Although high-calcic lime, precipitated CaCOs, and limestone may decrease 
the outgo of magnesium from the surface soil when the additions are mixed 
throughout the full depth of soil, and although MgO, precipitated MgCO*, 
and magnesite may effect a similar decrease in calcium outgo, an increase in 
the outgo of both calcium and magnesium may or may not, come from full- 
depth incorporations of dolomite (6, 7) at different rates. One Ca:Mg pro¬ 
portion obtained in the teachings when the dolomite underwent complete 

1 The remits were obtained by Mr. H. Stanford, Mr. T. D. Harden, and Dr. R. M. Bar¬ 
nette aB of whom were formerly employed as assistants through an endowment from the 
National Lime Association, with equipment donated by the American Limestone Company. 
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TABLE 1 

Total calcium, magnesium, and calcium-magnesium leached during 4 years from 2,000-pounds CaO equivalences {3,570 pounds CaCOz) of hydrated 
lime, burnt dolomite, and mixture of separately calcined CaO and MgP incorporated in the surface zone of a loam soil—terms of 

CaCOz-equivalence per 2,000,000 pounds of moisture free soil 
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disintegration, and another when there was a persistence of undisintegrated 
particles (6, p. 323-328; 7, p. 450, 451). Again, the ratio of calcium outgo 
to magnesium outgo from an incorporation of dolomite in the upper zone will 
vary decidedly from that obtained from the same incorporation in the 
lower zone, when the dolomite is of sufficient fineness to insure near-complete 
disintegration (2). It therefore becomes desirable to determine what re¬ 
lationship obtains for Ca:Mg outgo when calcium and magnesium are added 
jointly in caustic form and in amounts which are completely, or almost com¬ 
pletely, fixed by the surface soil (4) in its upper and lower zones. 

In comparing the pulverulent and more active calcium and magnesium 
materials, it is not permissible to base the comparison solely upon those 
properties of the alkali-earth materials which are characteristic of them prior 
to their absorption by the soil. Thorough incorporation of economic additions 
of caustic forms in a similar loam soil resulted in rapid and practically complete 
absorption of the base within 10 days (1, 9), under favorable moisture condi¬ 
tions. It is important to remember, therefore, that after a short period— 
often only a few days—the properties of the absorption complexes become of 
paramount importance. Those of calcium differ from those of magnesium 
in their resistance to hydrolysis, and such differences may be reflected in the 
reactions which take place after economic additions are “fixed” in the soil. 

OBJECTIVES 

The present contribution ft based upon a 4-year study of the influences 
exerted by three equivalent caustic limes, subsequent to the period of a few 
days required for their complete absorption. Natural leachings of Calcium, 
Magnesium, Ca-Mg, nitrates, and sulfates were obtained by means of an 
outdoor lysimeter equipment in comparing: 1. High-calcic and high-mag- 
nesic burnt limes; 2. Burnt dolomite and equivalent mixtures of CaO and 
MgO, derived from separately calcined marble and magnesite; 3. Surface- 
zone and subsurface-zone incorporations in their effects upon (1) and (2); 
4. Initial and subsequent availability of absorbed calcium and Ca-Mg, as 
influenced by diminishing residues and by aging. 

EXPERIMENTAL 

Two tanks containing a fertile, carbonate-free, brown, acid loam were 
compared with six tanks containing the same soil and additions of the three 
caustic limes. These tanks were included in a group previously described 
and illustrated (3). Plant growth was excluded and the soils were undis¬ 
turbed during the 4-year period. The soil contained 0.2617 per cent of CaO 
and 0.3439 per cent of MgO when placed. These total percentages were 
equivalent to 9340 pounds and 17,072 pounds of CaCOs, respectively, on the 
basis of 2,000,000 pounds of moisture-free soil. Each addition was incor¬ 
porated only in the upper zone, or half, of the surface soil, in comparison 
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Pounds of Soil, from Controls, Surface-zone and Subsurface-zone 
Incorporations of Ca(OH) * and CaO-MgO during a 4-year Period 

All incorporations at the equivalent rate of 3570 pounds of CaCOs (2000 pounds CaO) 



Fig. 2. Progressive Magnesium Outgo, as Pounds of CaCO*-EQUivAiENT per 2,000,000 
Pounds of Soil, from Controls, Surface-zone and Subsurface-zone 
Incorporations of Ca(OH)t and CaO-MgO during a 4-year Period 

AH incorporations at the equivalent rate of 3750 pounds of CaCOi (2000 pounds CaO) 
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with the same incorporation in the lower zone without addition to the upper 
zone. The incorporations were all equivalent to 3570 pounds of CaCO* 
(2000 pounds CaO) per 2,000,000 pounds of soil, moisture-free basis when the 
full depth, or both zones, are considered. On the same basis, all leachings 
of calcium, magnesium, and Ca-Mg are expressed as pounds of CaC0 8 . The 
enhancements in outgo, over the average from the controls, are also expressed 
as pounds and as per cent of the addition of calcium, magnesium, or Ca-Mg. 

The high-calcic lime was practically free of MgO, whereas the two high- 
magnesic materials contained 46.53 per cent CaO and 32.85 per cent MgO. 
In each CaO-MgO incorporation an equivalence of 2000 pounds of CaO—3570 



Fig. 3. Progressive Calcium-Magnesium Outgo, as Pounds op CaC0 3 -EQUi valent per 
2,000,000 Pounds of Soil, from Controls, Surface-zone and Subsurface-zone 
Incorporations of Ca(OH) 2 and CaO-MgO during a 4-year Period 

All incorporations at the equivalent rate of 3750 pounds of CaCOt (2000 pounds CaO) 

pounds of CaCOa—was accounted for jointly by 1184.8 pounds and 815.2 
pounds for CaO and MgO, respectively. On the basis of chemical equiva¬ 
lence the ratio of CaO:MgO was therefore 1.453 to 1. 

DISCUSSION 

Calcium , magnesium , and Ca-Mg outgo 

Surface-zone incorporations . The outgo of calcium, magnesium and Ca-Mg 
from controls and from each surface-zone incorporation is given in table 1 
and in figures 1, 2, and 3. The leachings from this upper-zone series were 
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subject, of course, to stoppage by the untreated lower zone. In considering 
the relationship of Ca:Mg outgo from the several incorporations, it is well 
to remember that the outgo of calcium from the controls was always greater 
than that of magnesium. During the first year the Ca:Mg outgo was at 
the ratio of 3.2:1, and about 2.4:1 as an average during the last 3 years. 

The results show maximum outgo from the controls and maximum increase 
in outgo of both calcium and magnesium from all incorporations during the 
first year. Thereafter the differences, if any, between controls and treatments 
were small. The high-calcic lime yielded 102 pounds more of CaCOs than the 
average outgo from the two high magnesic limes for the 4-year period and 
one-half of this increase was accounted for during the first year. The CaO 
content of the Ca(OII) 2 was 1.69 times that of the magnesian limes, whereas 
the total increase in calcium outgo from the hydrated lime was 1.72 times 
that as an average from the CaO-MgO incorporations. 

The magnesium outgo from Ca(OH) 2 was somewhat greater than that 
from the controls. This was the result of the first year’s outgo and may 
readily be accounted for by assuming that an interchange of calcium for 
magnesium took place during the first year of maximum generation of nitrates 
and sulfates, while these salts were passing through the lower zone to which 
no Ca(OH) 2 was added. The average of the magnesium losses from the 
two magnesian limes was less than that from Ca(OH) 2 and only 23 pounds in 
excess of that from the control during the first year. Thereafter it was gen¬ 
erally comparable with that from the controls. However, the average en¬ 
hancement in calcium outgo from the magnesic limes during the first year was 
132 pounds as against 186 pounds from the hydrated lime incorporation which 
carried 1.69 times more calcium. A similar relationship obtains for the 4-year 
totals, and it is thus apparent that either less magnesium than calcium passed 
from the upper zone or more magnesium than calcium was stopped by the 
lower, untreated zone. This point will be considered later in connection 
with the parallel data from the subsurface-zone incorporations. The maxi¬ 
mum acceleration in Ca-Mg outgo came from the Ca(OH) 2 , and amounted 
to only 7.6 per cent of the addition. The results from the two magnesian 
limes did not vary greatly, but the outgo from the separately calcined mixture 
was generally less than that from the equivalent calcined dolomite. 

Subsurface-zone incorporations. The results from these incorporations, 
devoid of any diminishing effect exerted by a lower, untreated zone, are given 
in table 2 and shown graphically in figures 1, 2, and 3. Disregarding capillary 
rise of soluble calcium salts from the lower to the upper zone, the rate of 
treatment in the lower zone might well be regarded as twice that where the 
full depth of soil is considered. That is, lower-depth incorporations were 
actually on the basis of 3570 pounds CaCOrequivalence (2000 pounds CaO) 
per 1,000,000 pounds of soil, since there was no supplementary influence of 
an underlying zone. The increase in calcium outgo from the Ca(OH) 2 was 
707 pounds for the first year, or 60 per cent of that for the 4-year period* 



TABLE 1 

Total calcium, magnesium, and calcium-magnesium leached during 4 years from 2,000-pound CaO equivalences {3,570 pounds CaCOi) of hydrated lime, 
burnt dolomite , and mixtures of separately calcined CaO and MgQ incorporated in the subsurface zone of a loam—terms of 
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There was a decided drop to a 250-pound excess above the controls for the 
second year, with further progressive diminution in outgo for the third and 
fourth years. The full increase for the 4-year period was only 33.1 per cent 
of the addition. The 1183-pound enhancement of CaO outgo from the Ca(OH)* 
incorporations for the 4-year period was 2.98 times the average enhancement 



Fig. 4. Four-year Outgo of Calcium, Magnesium, and Ca-Mg in terms of CaCOs from 
Surface-zone and Subsurface-zone Incorporations of Hydrated Lime, Burnt 
Dolomite, and CaO-MgO Mixtures at the Rate of 3570 Pounds of CaCOj (2000 
Pounds CaO) Per 2,000,000 Pounds of Soil 

A, hydrated lime; B, burnt dolomite; C, separately calcined CaO and MgO 

of 397 pounds from the two magnesian limes, although the corresponding 
ratio of CaO added was approximately 1.69:1. The freshly absorbed non¬ 
carbonate complexes furnishes the increase in calcium outgo from the Ca(OH) 2 ; 
but, in the case of the CaO-MgO incorporations, the absorbed calcium was 
not sufficient in amount and distribution to inhibit hydrolysis of some of the 
absorbed magnesium. 
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The same order of annual outgo—maximum for the first year, with pro¬ 
gressive decrease thereafter—obtains in the calcium results from the two 
magnesian limes. Each annual outgo of calcium from the separately calcined 
oxides was less than the corresponding one from the chemically equivalent 
burned dolomite. It is possible that variations in critical temperatures of 
calcination may account for these differences. 

The magnesium content of the leachings from the high-calcic lime was 
less than that from the untreated soil during three of the four years, and the 
4-year total was less. This indicates a repression of the solubility of native 
magnesium, in accord with previous observations in parallel studies where 
there was no opportunity for interference of underlying zones (6, 7). The 
total magnesium losses from the two types of magnesian lime were in accord, 
and, in general, those of the several collections and annual period were com¬ 
parable. Although the average enhancements in outgo of calcium and 
magnesium from the surface-zone incorporations of the two magnesian limes 
showed a Ca:Mg ratio of 2.66:1, the lower-zone incorporations gave a Ca:Mg 
ratio of 1:1.90. 

The annual losses of Ca-Mg ran somewhat in parallel, with progressive 
decrease from the first to the fourth year, the greatest differences occurring 
between the first and second years. The total enhancements of Ca-Mg out¬ 
go were comparable, ranging from 30.5 to 34.0 per cent of the amounts added. 

Surface-zone versus subsurface-zone incorporation. The comparisons between 
outgo of calcium, magnesium and Ca-Mg from the two zones of incorporation 
are given for annual periods and for the 4-year period in table 3. 

The maximum excess of lower-zone outgo over that from a corresponding 
upper-zone incorporation for anyyearwas the 521-pound increase fromCa(OH) 2 
during the first year. This is equivalent to 55 per cent of that for the 4-year 
period. When corrected for the 357-pound outgo from the control the first- 
year losses attributable to treatment were 186 pounds and 707 pounds for 
the upper and lower zones, respectively, which gives from the lower zone an 
excess equivalent to 14.6 per cent of the full addition. Disparity between 
losses from the two zones decreased progressively thereafter. The high- 
magnesic limes showed comparable excess of outgo from the deep incorpora¬ 
tions over the surface-zone incorporations for the first two years, with de¬ 
cided diminutions in differences for the last two years. As measured by the 
actual amounts of lime added, the high-calcic, burnt dolomite, and oxide 
mixtures show excesses in losses amounting to 26.3, 13.6 and 10.6 per cent, 
respectively, for the 4-year-period. 

The earlier leachings from the treatments in the upper zone were rich in 
neutral calcium salts, which they carried to the lower zone, where there was 
no protective effect of any added lime. Magnesium replacement, with 
increased outgo, was accordingly effected in the untreated lower zone. 

The only exception to the greater release of either alkali-earth from the 
lower-zone incoxporations is observed in the repressed outgo of magnesium 



TABLE 3 

Influence of none of incorporation of 2000-pound CaO equivalences (3570 pounds CaCOt) of hydrated lime , burnt dolomite , and CaO-MgO upon outgo of 
total calcium t magnesium , and calcium-magnesium from a loam soil during annual and 4-year periods—terms of 
CaCOz-equivalence per 2fi00fl00 pounds of moisture-free soil 
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from the high-calcic lime incorporations. This may be readily accounted 
for by “reciprocal repression” (7). The teachings from the untreated zone 
lying above the lower-zone Ca(OH )2 incorporations should be comparable 
to those from the same zone in the tanks which received no additions to either 
zone. Hence, a repressive, or protective, effect upon the native magnesium 
of the lower zone was exerted by the deep incorporations of the high-calcic 
lime, the teachings from which passed directly from the tanks. This is in 
complete harmony with previous findings (5; 7, p. 450, 451) upon the same 
soil type, wherein it was shown that an absorbed excess of one alkali-earth 
may force back, or even inhibit, the tendency of its soluble neutral salts to 
effect interchange of the other alkali-earth. 

The total excess of subsurface-zone magnesium outgo over that from the 
surface-zone incorporations was practically the same for the two magnesian 
limes. The magnesium excesses from the lower-zone additions of magnesium 
lime showed the same order—maximum for the first year and subsequent 
decreases—as that obtained in the calcium outgo from the high-calcic lime- 
It was shown (table 3) that the teachings from the surface-zone incorporations 
of CaO-MgO carried more calcium than magnesium, and it was stated that 
this was due to either lesser outgo of magnesium from the upper zone or 
greater magnesium absorption from the upper-zone teachings during their 
passage through the lower zone. In view of the greater outgo of magnesium 
from the same CaO-MgO incorporations in the lower zone, the latter explana¬ 
tion would seem to be more tenable. 

The Ca-Mg totals from the three limes did not differ greatly in annual and 
4-year intrazone comparisons. There was a consistent decrease in the dis¬ 
parity between greater outgo from the lower-zone and lesser outgo from the 
upper-zone incorporations after the first year, and in proportions greater 
than those to be anticipated from progressive decrease of residuals. The 
ratio of the group-average disparity in outgo for the first year to that for the 
second year was 2.57:1, whereas that for the second to third was 2.25:1, and 
that for the third to fourth 1.51:1, as accounting for the average increase in 
total outgo, which amounted to 26 per cent of the Ca-Mg added. 

Nitrate and sulfate outgo 

Surface-zone incorporations . The nitrate and sulfate teachings from sur¬ 
face-zone incorporations are given in table 4, as pounds of nitrogen and sulfur 
per 2,000,000 pounds of soil. At the beginning of the experiment the soil 
contained 0.1050 per cent, or 2100 pounds of nitrogen and 0.057 per cent, or 
1140 pounds of sulfur on the same basis. The average annual increment of 
sulfur over a period of 9 years prior to the present experiment was 51.5 pounds 
(8), whereas that calculated from concomitant rain water was 180.4 pounds, 
or 45.1 pounds per annum. 

The acceleration of nitrate outgo from the surface-zone incorporations of 
each of the three limes is attributable mainly to the increases during the first 



TABLE 4 

Nitrate nitrogen and sulfate sulfur leached during 4 years from 2000-pound CaO equivalences (3570 pounds CaCO z ) of hydrated lime , burnt dolomite and 
_ m&xtufes of separately calcined CaO and MgQ incorporated in the surface zone of a loam soil—basis of 2,000 t 000 pounds moisture free soil 
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Calcined dolomite 46.53 per cent CaO, 32.85 per cent MgO—Supplying 1184.8 pounds CaO and 815.2 pounds CaO - respectively. 
Mixtures of CaO and MgO from separately calcined marble and magnesite. 
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year. After that period the incorporations gave nitrate losses comparable to, 
and even less than, the outgo from the control, especially during the third 
and fourth years. The variations between nitrate leaching from the three 
limes by years need not be stressed, since the maximum increase over the 
control amounts to only 26.1 pounds for the full 4-year period. 

The records of sulfate outgo show the same initial acceleration shown in 
the case of nitrates during the first year. Only during this year did the sul¬ 
fate teachings exceed the sulfate content of the rainfall. The concordance 
for the succeeding three years is very consistent, so that the maximum increase 
in sulfate teachings from each lime for the 4-year period is very close to that 
of the first year. 

Subsurface-zone incorporations . The teachings from these incorporations 
are given in table 5. Comparable accelerations of nitrate outgo from sub¬ 
surface-zone incorporations of the three limes were evidenced during the 
first year, but not thereafter; and when considered on the basis of average 
annual accelerations the maximum for any of the treatments was only 4.5 
pounds. Acceleration in outgo as a result of mixing and aeration—and that 
due to this factor, plus treatment—was therefore most noticeable during 
the first year. 

The largest sulfate outgo from the control and that from each of the three 
limes also came during the first year. The sulfate outgo from the controls 
equalled rainfall increment only during this year and only then did the three 
limes yield an amount in excess of that carried by rain waters. Thereafter 
the controls and the three caustic limes gave results so close that the respec¬ 
tive 4-year totals were practically the same as their corresponding increases 
for the first year. 

Surface-zone versus subsurface-zone incorporations 

The variations between nitrate and sulfate losses from the two zones are 
given in table 6. Only in the case of the hydrated high-calcic lime was there 
an appreciable difference in the outgo of nitrate nitrogen from the two zones 
during the 4-year period. The plus and minus variations—with a maximum 
of 16.9 pounds, as a total for subsurface-zone over surface-zone incorpora¬ 
tions—show that no extensive differences resulted from variation in depth 
of incorporation. 

The sulfate differences were small, varying from plus to minus, and the 
differences between the totals for the 4-year period were insignificant. The 
average yield of total sulfur from the controls was, however, 45.4 pounds per 
acre less than that carried by rain water during the 4-year period. The aver¬ 
age enhancement for all treatments in both zones was 16.1 pounds. Conse¬ 
quently, even with this enhancement in outgo, all sulfate teachings were 
uniformly less than the sulfate increment through rainfall. 

From the foregoing it appears that the previously discussed differences in 
outgo of Ca-Mg were not to be accounted for by any material variation in 



TABLE 6 

Influence of tone of incorporation of 2000-pound CaO equivalences 3570) pounds CaC0 3 ) of hydrated lime , burnt dolomite , and CaO-MgO upon outgo of 
nitrate nitrogen and sulfate sulfur from a loam soil during annual and 4-year periods—basis of ZflOOfiOO pounds of moisture-free soil 
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amounts of biological end-products. Rather, they were due primarily to 
greater hydrolysis of absorption complexes and greater leaching of the resultant 
bicarbonates of the two elements from the incorporations in the more moist 
lower zone. 

Diminishing availability of absorbed calcium and Ca-Mg 

The relationship between each total outgo and that for the first year and 
that of each succeeding year emphasized the point advanced (7, p. 461) in a 
related study with the same type of soil, where incorporations were made 
throughout the entire soil mass; namely, that the absorbed alkali-earths 
appear to resist hydrolysis more and more as they age. Earlier related studies 
showed that the calcium hydroxide additions must have been absorbed—di¬ 
rectly from the hydroxide or after a part of the hydroxide had reverted to 

TABLE 7 

Influence of diminishnient of residuals and of aging upon the availability of absorbed calcium 
from Ca(OII)i and absorbed Ca-Mg from CaO-MgQ incorporations at the constant rate of 
2000 pounds of CaO (3570 pounds CaCOz) per IflOOflOO pounds of subsurface-zone loam , 
as measured by Ca and Ca-Mg outgo , respectively—terms of pounds CaCOi 


LEACHING PERIOD 

CALCIUM PROM Ca(OII )2 INCORPORATIONS 

Ca-Mg from CaO-MgO incorporations* 

Present 
at begin¬ 
ning of 
period 

Leached 
during 
period t. 

Outgo as related 
to residue 
of incorporation 

Present 
at begin¬ 
ning of 
period 

Leached 

during 

period! 

< 

Outgo as related 
to residue 
of incorporation 

ratio 

per cent 

ratio 

per cent 

First year. 

3,570 

707 

1: 5.05 

19.80 

3,570 

626 

1: 5.70 

17.53 

Second year. 

2,863 

250 

1:11 45 

8.73 

2,944 

295 

1: 9.98 

10 02 

Third year. 

2,613 

137 

1:19.07 

5 24 

2,649 

130 

1:20.38 

4.91 

Fourth year. 

2,476 

89 

1:27.82 

3.59 

2,519 

102 

1:24 70 

4.05 


* Average of burnt dolomite and separately calcined CaO and MgO. 
t In excess of outgo from controls. 


the carbonate—within a period of 10 days (1), and that at the close of the 
present experiment only small and near-equal amounts of carbonates remained 
(3, p. 410) from the Ca(OH )2 and CaO-MgO incorporations. It is evident 
that, if a study of influence of time upon availability is desired, it is essential 
that no untreated zone be interposed between the zone of treatment and the 
outlets for the leachings. This precludes the use of the upper-zone series in 
this connection. The series which received the Ca(OH) 2 and CaO-MgO in 
the lower zone may, however, be utilized for this purpose. 

Table 7 shows the excess of calcium lost from the lower-zone incorporation 
of Ca(OIi) 2 over the calcium outgo from the controls, and the average excess 
of Ca-Mg from the deep incorporations of the two types of magnesian lime. 
It also shows the fractions of the incorporations present at the beginning of 
each annual period, and the ratio and percentage relationships of such to each 
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annual enhancement in outgo. Table 2 shows that the amounts of calcium 
and magnesium lost from the controls were greatest during the first year, 
with near-constant outgo thereafter. It also shows that the maximum outgo 
of calcium from Ca(OH) 2 and Ca-Mg from the CaO-MgO incorporations was 
greatest during the first year, with a marked decrease during the second year 
and further decreases during the succeeding two years. The maximum outgo 
of nitrates and sulfates during the first year fails to account for the loss of 
calcium and magnesium, and it follows that acceleration of C0 2 -production 
occurred in parallel with the production of the nitrates and sulfates. This 
has been established also by determinations of the bicarbonate content of 
the leachings. If this parallel of accelerated nitrate, sulfate, and C0 2 pro¬ 
duction had continued during the last three years, sufficient H 2 CO 3 would 
have been available to maintain a bicarbonate outgo with a uniformity akin 
to that shown by the nitrate and sulfate leachings of table 5. But no such 
parallel in maintenance of outgo obtained. The losses of calcium from the 
Ca(OH) 2 incorporations and the losses of Ca-Mg from the CaO-MgO in¬ 
corporations suffered a decided decrease from year to year. 

The ratios of calcium outgo to calcium addition, or its residual fraction, 
increased progressively from 1:5.05 for the first year to 1:27.82 for the fourth 
year, with conversely decreasing percentage extremes of 19.80 and 3.59. 
Similar extreme ratio values of 1:5.70 and 1:24.70 and percentage converse 
extremes of 17.53 and 4.05 obtain in expressing enhancements in Ca-Mg 
outgo as related to added CaO-MgO. The amount of calcium added as 
Ca(OH) 2 —all but a small amount of which was quickly absorbed in non-car¬ 
bonate combination—was 1.44 times that fraction which remained at the 
beginning of the fourth year; but the amount of calcium leaching during the 
first year was 7.85 times that leached during the fourth year. Or, at the 
beginning of the fourth year, the residue from the Ca(OH) 2 incorporation was 
69.4 per cent, whereas the enhancement in calcium leaching during the fourth 
year was only 12.6 per cent of that during the first year. The enhancement 
in outgo of Ca-Mg from the CaO-MgO incorporations shows the same general 
relationship between additions and annual residuals as those pointed out for 
calcium outgo and additions. 

If the organic matter washed down by rain and that possibly derived from 
algae be disregarded, the only organic matter available for the generation of 
bacterial end-products during the experiment was the well-humified material 
present when the soil was placed. If the disintegration of this organic matter 
was at its maximum during the first year, and if thereafter it continued at 
the rate indicated by nitrate and sulfate outgo, diminishing residuals and 
their decreasing solubility , would be the dominant causal factors in the pro¬ 
gressive decrease in alkali-earth outgo during the last three years. But, if 
the amounts of C0 2 available to effect bicarbonate solutions of the hydrolyzed 
Ca-Mg decreased steadily, then the outgo of the two elements would have 
decreased, irrespective of the other two factors. 
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Expressed on the basis of full depth of surface soil, the initial CaCOr 
equivalent of the non-carbonate calcium content of 9340 pounds was supple¬ 
mented by 3570 pounds from the lower-zone incorporation of Ca(OH )2 at the 
beginning of the present experiment. The total uncorrected outgo from this 
augmented supply of 12910 pounds during the first year was 1064 pounds, or 
8.24 per cent. Deducting from the initial supply of 12910 pounds the sum 
of the first year's outgo and the decreasing losses of 438 pounds and 314 
pounds for the second and third years—i.e., 1816 pounds—there remained 
11094 pounds at the beginning of the fourth year. If the same relation be¬ 
tween total calcium content and outgo which obtained for the first year had 
continued throughout the first three years, the amount of calcium-carbonate- 
equivalent leached during the fourth year would have been 824 pounds, but 
the amount which did leach during the fourth year was only 265 pounds, or 
2.66 per cent, of that present at the beginning of the fourth year. By using 
the surface-zone incorporation of Ca(OH) 2 for the same method of calculation, 
the outgo for the first year was found to be 4.21 per cent of that present, 
whereas that for the fourth year was only 1.59 per cent. The outgo from the 
controls for the four years were, in order, 3.82, 2.09, 2.01, and 2.04 per cent 
of the amount present at the beginning of each of the respective years. Cor¬ 
responding values of 8.24, 3.70, 2.75, and 2.39 per cent express the proportions 
of the four annual losses of calcium from that originally present plus the un¬ 
leached fraction of the subsurface-zone incorporation of Ca(OH) 2 present at 
the beginning of the respective years. If, however, the initial year of maxi¬ 
mum outgo of all components be disregarded, and the 3.70 per cent of calcium 
outgo for the second year be applied to the residuals present at the beginning 
of the third and fourth years, on the assumption of uniform proportions be¬ 
tween outgo and residues, the calculated values of 422 pounds and 410 pounds 
for the third and fourth years, respectively, are obtained. But the corre¬ 
sponding amounts actually leached were only 314 pounds and 265 pounds. 
These findings, together with the decrease of about one-half in outgo of cal¬ 
cium, magnesium, and Ca-Mg during the second year, and the approximation 
of the nitrate and sulfate outgo to that of the controls during the second, 
third, and fourth years, for both zones in all cases, indicate that enhanced 
outgo was accounted for in the main by biological accelerations only during 
the first year. In the absence of marked bacterial activities after that period, 
it appears that decreasing solubility—i.e., decreased hydrolysis—of the 
thoroughly disseminated absorption complexes was responsible for steadily 
decreasing outgo of alkali-earths. The combined Ca-Mg from the CaO-MgO 
incorporations develop corresponding relationships. 

It is generally held that a second liming is required to maintain any benefits 
obtained from the initial application of the usual 2000-pound CaO-equivalent 
treatment, and it is usually thought that such reliming should be made after 
a period of from four to six years. It has been assumed that the need of 
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repetition was due to the loss of added lime through leaching and to its assimi¬ 
lation by plants. Such an assumption predicates that the absorption com¬ 
plexes derived from added lime are decidedly more soluble than those native 
to the soil. It is equally permissable to assume that the absorbed lime ac¬ 
quires in time the properties possessed by the native non-carbonate inorganic 
calcium compounds of the soil. From the foregoing it appears reasonable to 
assume that under the dynamic conditions prevalent in the soil system there 
is a tendency for the absorbed alkali-earths to become more and more insoluble, 
possibly more and more complex in make-up, and approaching in character 
the aged non-carbonate materials native to the soil. Under humid condi¬ 
tions this would obtain in greatest degree with a soil of the “heavier” type, 
containing materials sufficiently fine and acid to be designated as “acidoids” 
(10), the neutralization of which results in the fixation of added alkali-earths. 
With a soil having a minimum of such finely divided material, the fixation 
would not be extensive, greater leaching would occur, and additional lime 
would be needed to care for the paucity of alkali-earth nutrients. With a 
loam of the type used in this experiment, reliming in practice would probably 
be required to insure optimum reaction for biological activation and ready 
supplies of nutrients long before the removal of even a major part of the 
added lime; that is, most of the first addition of lime would still be present, 
but a second application would be beneficial. It appears most probable, 
therefore, that the function of such a supplemental supply of lime would be 
to furnish a “fresh stream” of alkali-earth of greater availability than that 
which had been previously absorbed, in order to offset progressive decrease 
in solubility, rather than the absolute supplementing of the total supplies of 
earthy materials and the replenishment of losses caused by leaching. 

SUMMARY 

Results are given from a 4-year lysimeter study of outgo of calcium, mag¬ 
nesium, Ca-Mg, nitrates, and sulfates from surface-zone and subsurface-zone 
incorporations of Ca(OH) 2 , burnt dolomite, and a corresponding CaO-MgO 
mixture, at a constant rate of 3570 pounds of CaCOs (2000 pounds of CaO) 
per 2,000,000 pounds of loam soil, moisture-free basis, as a result of an average 
annual rainfall of 51 inches. 

The outgo of calcium from each lime was greatest during the first year, 
with progressive decrease thereafter, for both zones of incorporation. Be¬ 
cause of a decidedly greater outgo from the subsurface-zone incorporation 
of Ca(OH)a, the conservation of lime exerted by the full soil depth upon the 
upper- 2 one incorporations was 940 pounds, or 26.3 per cent of the addition. 

The magnesium outgo from the surface-zone incorporations of CaO-MgO 
was augmented during the first year, although practically the same as that 
from the controls during the succeeding three years; whereas it was enhanced 
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in all four annual leachings from the subsurface-zone incorporations, the 
maximum having been obtained during the first year. 

The 4-year aggregates of Ca-Mg from the surface-zone incorporations of 
the three limes were comparable for each year and for the 4-year period. The 
totals of Ca-Mg from the subsurface-zone incorporations of the three limes 
were also comparable by yearly comparisons, with maximum for the first 
year and decreases thereafter. Each annual outgo, and that for the full 
period, was about 5 times as great as the corresponding one from incorporations 
in the upper zone. 

Slight interchange of calcium for magnesium was found when the excess 
of calcium salts from the treated surface zone passed to the untreated lower 
zone, whereas “reciprocal repression” was noted in the direct leachings from 
the excess of absorbed calcium in the lower zone. 

In general, accelerations in nitrate and sulfate outgo from CaO and CaO- 
MgO were appreciable and comparable during the first year. However, 
there was no marked variation thereafter, so that the respective increases 
for the 4-year period were uniformly about the same as the corresponding 
ones for the first annual period. Except during the first year, the nitrate 
and leachings were small during the winter months in all cases. No marked 
differences obtained as a result of difference in the zone of incorporation. 
Even with acceleration in sulfate outgo, the amount leached was, in no case, 
equivalent to the increment from rain water for the 4-year period. 

The Ca-Mg proportion in the leachings from CaO-MgO varied with the 
zone of incorporation. Upper-zone leachings carried about twice as much 
calcium as magnesium, whereas the lower-zone incorporations yielded about 
twice as much magnesium as calcium. (These relationships correspond to 
those which obtained when finely ground dolomite was incorporated in the 
two zones of the same soil.) 

With this particular soil and rate of incorporation, the principal differences 
resulting from equivalent incorporations of Ca(OH) 2 and CaO-MgO were 

(а) variations in the proportion of calcium to magnesium in the leachings; 

(б) more extensive leachings of calcium and more extensive fixation of mag¬ 
nesium by the lower zone from equivalent quantities of calcium and magnesium; 
(c) Ca:Mg proportions of 1.7 to 1 in outgo from the upper-zone incorporation 
and 3 to 1 from the incorporations in the lower zone; and ( d ) somewhat greater 
calcium and Ca-Mg outgo from the burnt dolomite than from the correspond¬ 
ing separately calcined CaO-MgO, for both zones. 

The progressive decrease in outgo of calcium and Ca-Mg is apparently 
not due so much to diminished residuals as to the diminishing solubility of 
such residuals, so that repetition of liming may become necessary, not pri¬ 
marily to offset outgo, but rather because of the need of more newly ab¬ 
sorbed and more soluble non-carbonate forms, or undisintegrated carbon¬ 
ate residuals. 
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Numerous investigations on the ash constituents of plants have been made 
from time to time in order to obtain information concerning available soil 
nutrients. Although the ash of certain plants has been found to vary with 
the soil in which they were grown, there are so many factors involved that 
the method may not furnish more reliable results than can be secured from a 
chemical analysis of the soil. 

One of the more recent procedures proposed for using the plant as an analyti¬ 
cal agent is the method described by Neubauer and Schneider (2), in which 
a large number of plants are grown for a limited time in a small amount of 
soil. The authors state that the method is based on the fact that seedlings 
do not live as long as possible upon the reserve materials of the seeds, but 
obtain nutritive substances from the soil through their rootlets as soon as they 
are developed. v 

It is considered that if a large number of young seedlings are grown in a 
small quantity of soil, the starving rootlets extract all the assimilable nutritive 
substances their strength permits, and thus separate the available from the 
non-available plant nutrients. 

The details of the seedling method devised by Neubauer for ascertaining 
the fertilizer requirements of soils are essentially as follows: 

In the bottom of a small glass dish having a diameter of approximately 11 cm. and a 
depth of 7 cm., is placed 100 gm. of carefully prepared soil, mixed with 50 gm. of pure sand. 
Over this soil and sand mixture the greater portion of 250 gm. of sand is spread, a sufficient 
amount for a f-cm. covering over the seeds being reserved. A small glass tube for aeration 
and watering is placed in the center of the dish. After the dishes are prepared 100 carefully 
selected rye seeds are planted, water is added and the weight of the dishes obtained. 

Neubauer states that the seed should weigh about 40 gm. to the one thousand, and be 
treated with a chlorphenol-mercury compound, “Upsulun.” A kilogram of seed is treated 
for about If hours with a liter of a 0.1 percent Uspulun solution containing 0.3 gm. sodium 
hydroxide, then dried on blotting paper and allowed to remain exposed to the air for a week. 
The seeds are germinated by keeping the dish in a moist warm place. After 17 days the seed¬ 
lings with their rootlets are removed from the soil and sand, and the phosphorus and 
potassium contents determined. 

Considerable attention has been given to the method in various publications, 
with special reference to its value for determining the fertilizer requirements 
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of sugar beets. Roemer (3) subjected a large number of soil samples to the 
Neubauer test in order to determine the ability of soils to satisfy the potassium 
and phosphate requirement of cultivated crops. The preliminary results of 
his investigation appear to be in accord with the claims of Neubauer. 

In order to ascertain whether this method, or some modification of it em¬ 
bodying the essential features of nutrients utilized by plants, has possibilities 
for furnishing indications of supply or deficiency of available potassium in 
soils, experiments closely allied to this phase of the field of plant nutrition 
were undertaken. 

EXPERIMENTAL 

The soils used in this work were chiefly from several fertility experiment 
plots that have been fertilized and under observation for a period of years. 
Some of these soils had previously been studied to determine the effect of treat¬ 
ment and cropping on the solubility of potassium. 

Several series of tests were made at different times, the proportions of soil 
and sand, the number of plants, and other conditions being varied somewhat. 

In the first series rye was planted and the method of procedure followed 
was essentially the same as outlined by Neubauer, except that treatment of 
rye seed with chlorphenol-mercury solution was omitted. This resulted in 
unsatisfactory germination of the rye. Consequently the number of plants 
on different soils varied to such an extent that it was not considered worth 
while to analyze the plants from more than a few of the pots that produced a 
rather uniform number. Thrfee portions of some of the 15 soils were used, 
and five or more of others, making a total of 57 pots. 

The data for tops and roots weighed and analyzed separately, show that 
the ratio of tops to roots and the potassium removed by each vary appreciably. 
On account of the lesser weight and the greater bulk of the muck soil, 50-gm. 
portions of muck were mixed with sand and planted with 50 seeds. A calcu¬ 
lation of the potassium removed from the muck soil on the same basis as from 
the mineral soils, indicates that it has no less available potassium. The data 
for this first series are given in table 1. The few results obtained from rye 
plants in this first experimental work with the method are of no special 
significance except that they emphasize the necessity of seed treatment to 
insure a uniform stand of plants. 

Comparison of wheat and rye 

On account of the unsatisfactory growth of rye in the first test, a comparison 
of wheat and rye was made by growing plants for 17 days in the same amounts 
of soil and sand, as recommended by Neubauer except that 80 seeds instead 
of 100 were planted. The seeds were treated with chlorphenol-mercury 
compound before planting. 

The data in table 2 show that wheat produced larger weights of plants 
containing increased amounts of potassium. The weights of potassium in 
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roots of wheat plants in the two soils were also larger, but there was no con¬ 
sistent variation in roots of wheat and rye grown in pure sand. The greater 

TABLE 1 


Rye plants of first series; grown for 14 days 


ROIL 

NUMBER 
OF PLANTS 

WEIGHTS OF DRY 

POTASSIUM REMOVED 
BY 

POTASSIUM 

CONCENTRATION 

Tops 

Roots 

Tops 

Roots 

Tops 

Roots 



gm. 

gm. 

mgm. 

mgm 

per cent 

per cent 

f 

60 

0 609 

1.089 

12.3 

6 3 

2 00 

0.59 

Forestry plot. \ 

62 

0.520 

1 212 

11 4 

6 2 

2.16 

0.52 

l 

62 

0.529 

1 222 

12 2 

6.9 

2 31 

i 0.57 

Paulding. | 

96 

0 837 

1 434 

16 1 

8.0. 

1 92 

0.56 

95 

0 839 

1 089 

14.1 

10.4 

1.69 

0.96 

( 

84 

0 790 

0 942 

9 8 

6 4 

1 24 

0.69 

Muck. { 

94 

0 840 

1 080 

11.2 

6.4 

1.33 

0.59 

1 

80 

0.822 

0.978 

11.2 

4.6 

1 38 

0.48 

( 

91 

0.652 

1.180 

11 0 

7.4 

1.54 

0.63 

Sand. \ 

88 

0.598 

1.114 

10 2 

6 7 

1.71 

0.59 

l 

91 

0.606 

1.138 

7 7 

7 3 

1 27 

0.64 


TABLE 2 

Comparison of wheat and rye 


SOIL 

CROP 

NUMBER 

OF 

PLANTS 

WE IGHT 
OF 

TOPS 

WEIGHT 

OF 

ROOTS 

POTASSIUM IN 

POTASSIUM 

CONCENTRATION 

Tops 

Roots 

Tops 

Roots 




gm. 

gm 

mgm. 

mgm 

percent 

per cent 


r 

Rye 

79 

0 5871 

1 1452 

5 2 

5 1 

0.889 

0.443 


i 

Rve 

74 

0.5500 

0 7955 

4 5 

4.2 

0.818 

0 522' 

Pure sand. < 

i 

Wheat 

80 

0 8177 

1.2716 

7 5 

5 7 

0.915 

0.349 


i 

Wheat 

80 

0.8057 

1.2542 

6.6 

5.1 

0 818 

0.404 



Rye 

70 

0.5477 

0 6018 

7 2 

3 0 

1 321 

0 506 


i- 

Rye 

73 

0.6027 

0.7077 

7.1 

3.7 

1.173 

0.518 

Olil lOOrLU* J 

i 

Wheat 

80 

0.8373 

1.1388 

9.7 

6 2 

1.162 

0.545 


i 

Wheat 

74 

0.7745 

1 1247 

10.7 

6.6 

1.380 

0,589 


f 

Rye 

72 

0.7276 

0.9045 | 

21.0 

5.4 

2.884 

0.595 

1 i\mO 4 

i 

Rye 

80 

0.7268 

0.8694 

24.0 

7.0 

3.363 

0 809 



Wheat 

73 

1.0000 

1.3127 

24 0 

9.2 

2 429 

0.920 



Wheat 

80 ! 

1.0300 

1.4364 

27.0 

9.0 

2.623 

0.875 


weights of plants grown in the Clyde sandy soil indicate that conditions for 
growth were more favorable than in the silt loam soil taken from a nitrogen- 
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and phosphorus-fertilized plot of a 3-year rotation fertility experiment field 
on the Wooster farm. The potassium content of plants grown in Clyde sand 
was appreciably greater than that of plants grown in silt loam soil, although 


TABLE 3 

Potassium removed from several soils by wheat plants 


SOIL AND TREATMENT 

DRV WEIGHT 

POTASSIUM IN 

POTASSIUM 

CONCENTRATION 

Tops 

Roots 

Tops 

Roots 

Entire 

plant 

Tops 

Roots 

Entire 

plant 



gm. 

gm. 

mgm 

mgm. 

mgm. 

per 

cent 

per 

cent 

per 

cent 

Wooster silt loam;* 

no treatment .. . 

0 934 

0 

934 

10 4 

4 8 

15.2 

1.112 

0.51 

0.814 

Wooster silt loam, 

limed. 

0 823 

0 

882 

9 4 

5 1 

14 5 

1.141 

0 58 

ppii 

Wooster silt loam; 

acid phosphate ferti- 










lizer. 


0 919 

0 

885 

Wrn 

4 7 

15 4 

1.163 

0.53 

0 855 

Wooster silt loam; 

acid phosphate ferti- 










lizer; limed. ... 


0 910 

0 

988 

9.4 

6 0 

15 4 

1 030 

0.59 


Wooster silt loam 

muriate potash fer- 










tilizer. 



0 

817 

15 0 

5.4 

20.4 

1.520 

0 66 


Forestry soil. 

’ ’ ’ ’ ' ’ 

1 040 

a 

859 

29 7 

6 0 

35 7 

2.840 

lilrAl 

1 882 

Clyde clay. 


0 962 

0 

869 

18 8 

7.0 

25.8 

1 941 

0 82 

1 383 

Clyde sand. 


0 833 

l) 

865 

12 6 

4 2 

16 8 

imm 

0 49 

0.992 

Truck farm soil.... 


0 910 

0 

902 

13.9 

5.0 

18 9 

1.481 

0 61 


Muck. 

■ 

0.811 

0 

853 

11 0 

3 9 

14 9 

1.330 

Kigfl 

0 877 

Pure sand. 


0.815 

0 

949 

7 9 

4 2 

12 1 

0.980 

0.44 

0 687 


* Treatment on Wooster silt loam has been as follows: 
Lime has been applied in varying amounts since 1903. 

Acid phosphate 320 pounds each 5-year period since 1894. 
Muriate potash 260 pounds each 5-year period since 1894. 


TABLE 4 

Soil potassium soluble in 0,01 N HNCh 


SOIL AND TREATMENT 

SOLUBLE POTASSIUM 

Wooster silt loam; no treatment. 

ppm. 

34 

Wooster silt loam; limed. 

23 

Wooster silt loam; acid phosphate fertilizer. 

37 

Wooster silt loam; acid phosphate fertilizer; limed. 

17 

Wooster silt loam; muriate potash fertilizer.... 

77 

Forestry soil. 

88 

Clyde clay. 

36 

Truck farm soil. 

63 



sandy soils are considered to be more responsive to potassium additions. 
These results with the two grains indicated that wheat was more satisfactory 
than rye. 
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Test of wheat grown in 100 gm . of soil 

Table 3 gives results obtained by applying the Neubauer test to several 
soils. In this work 100 gm. of soil mixed with 50 gm. of sand was placed in 
the bottom of small pots and covered with 250 gm. of sand. Information 
regarding the dilute acid-soluble potassium content of some of the soils included 
in this test had previously been obtained from 0.01 normal acid extractions. 
The acid-soluble potassium figures are given in table 4. Wheat plants with¬ 
drew the largest amount from the Forestry soil, which contained the most 
soluble potassium. This soil is a part of the Wooster farm that has not been 
cropped, but that had been used as a forestry nursery for a few years and that 
has been treated with manure. The Clyde clay, with a high content of total 
potassium, contained no more dilute acid-soluble potassium than the unfer¬ 
tilized silt loam on which certain crops make a more decided response to potash 
fertilizer. Potassium removed by wheat plants from the Clyde clay soil, 
however, gave indications that this soil has an abundance of available po¬ 
tassium. This agrees with the crop response to potash in field practice. 
Removal of potassium by wheat plants from limed and unlimed portions of 
Wooster silt loam soil fertilized with acid phosphate does not give the same 
indication of less available potassium in limed soil that was obtained from 
dilute acid extraction of the soil. Potassium taken up by wheat seedlings 
from potash-fertilized plot reflects the larger amount of soluble residual 
potassium. 

Varying proportions of soil and number of plants 

Some wheat plants grown in pots of a larger diameter, 5 inches, and having 
a capacity for approximately 1000 gm. of sand made a more vigorous growth 
than plants in containers of sufficient size for 100 gm. of soil and 300 gm. of 
sand. The soil was not placed in the bottom of the pot as suggested by 
Neubauer, but was mixed with the total amount of sand. From this it was 
concluded that a larger volume, permitting more extensive root development, 
was an advantage, and a test was made to determine what soil dilution and 
number of plants would provide the most favorable condition for obtaining 
indications of available potassium. In this work 25, 50, and 100 wheat 
plants were grown in 1000 gm. of sand containing the amounts of soil stated 
in table 5. Potassium assimilated from the soil is represented by the amount 
in a given number of plants less that in the same number of plants grown in 
pure sand. These data for the actual amount of potassium assimilated from 
the soil are given in column 6 of table 5. 

It will be noted that in no case is the excess of potassium directly propor¬ 
tional to the number of plants grown in a given soil dilution. Neither is there 
any correlation between potassium removed by a given number of plants and 
the degree of soil dilution. In fact the data indicate that 25 plants on 50 gm. 
of soil assimilate proportionately more of the soil potassium than do 50 plants 
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on 100 gm. of soil. For analytical purposes, 25 or 50 wheat plants do not 
produce sufficient material. The optimum number is 100. It was concluded 


TABLE 5 

Averaged results for wheat plants grown in varying proportions of soil mixed with 1000 gm. sand 


son. 

NUMBER or 
PLANTS 

1)RY WEIGHT 

OF PLANTS 

POTASSIUM 

IN PLANTS 

POTASSIUM 

CONCENTRATION 

POTASSIUM 
REMOVED IN 
EXCESS OF THAT 
IN SEEDS 

gm. 


gm. 

mgm. 

Per cent 

mgm. 

50 

25 

0.823 

5.8 

0.699 

2.1 

50 

50 

1.547 

10 0 

0.649 

2.0 

50 

100 

2.801 

13.8 

0.492 

0.2 

100 

25 

0.881 

5.6 

0 632 

1.9 

100 

50 

1.579 

8.9 

0.566 

0.9 

100 

100 

2.754 

14.9 

0 541 

1.3 

200 

25 

0.937 

6.7 

0.714 

3.0 

200 

50 

1.698 

9.2 

0 598 

1.2 

200 

100 

3.205 

17.6 

0 548 

4.0 

Sand* 

25 

0.743 

3.7 

0.500 


Sand 

50 

1.409 

8 0 

0.568 


Sand 

100 

2.656 

13.6 

0 513 



* Results for sand representing available in seed. 


TABLE 6 

Potassium removed from fertility plot soils by wheat plants 


SOIL TREATMENT IN FIELD* 

DRY WEIGHT 

OF TOPS 

POTASSIUM 

IN TOPS 

POTASSIUM 

CONCENTRATION 


gm. 

mgm. 

per cent 

None. 

1.149 

8.5 

0.738 

Lime . 

1.351 

12.1 

0 896 

Acid phosphate. 

1.593 

14.5 

0.908 

Acid phosphate; lime. 

1.253 

12.4 

0.959 

Muriate potash. 

1.388 

17.2 

1 142 

Muriate potash; lime. 

1 354 

18.9 

1.397 

Nitrate soda. 

1.111 

11.9 

1.068 

Nitrate soda; lime. 

1.116 

11.6 

1.038 

Manure. 

1.293 

15.5 

1.199 

Manure: lime. 

1.367 

16.2 

1.189 


* Lime as been applied in varying amounts since 1903. Fertilizer and manure additions 
for each 5-year period since 1894 have been as follows: Acid phosphate, 320 pounds; muriate 
potash, 2(50 pounds; nitrate soda, 440 pounds; manure, 16 tons. 

from this test of soil dilutions that 200 gm. of soil in 1000 gm. of sand is better 
than a smaller amount, since this dilution produced the greatest amount of 
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plant material associated with the largest removal of potassium. It was found 
that the potassium content of 3.5 gm.—the average weight of 10 sets of 100 
seeds—was 16.33 mg. This is in excess of the potassium taken up by plants 
grown in pure sand, and in plants grown in 50 or 100 gm. of soil. 

Test of fertility plot soils 

Some further tests with the seedling method were made of soils from several 
of the 5-year rotation fertility plots (4). Wheat plants were grown in 200 
gm. of soil diluted with 1000 gm. of sand. On account of the difficulty of 
removing adhering soil from the roots, only the tops were weighed and analyzed. 

The data for plants grown under these conditions are given in table 6. In¬ 
spection of the results shows that plants removed more potassium from soils 
of plots that contain potassium residual from muriate of potash and manure. 
Aside from these two soils there is no very significant relation between po¬ 
tassium removal and the fertilizer treatment. 

Influence of additions 

Usually when vegetation tests are made for the purpose of determining 
variations in supply of some essential element, it is considered necessary to 
insure the optimum condition for the other growth factors, by supplying an 
excess of the nutritive substances that are not under consideration. Although 
Neubauer states that this does not appear to affect the abstraction of nutritive 
substances by seedlings, some tests were made to determine what effect addi¬ 
tions to soil would have on potassium removal from fertility plot soils that 
have been variously treated for a long continued period. In one series, avail¬ 
able nitrogen was supplied by applying 0.143 gm. of sodium nitrate or an 
equivalent amount of ammonium sulfate to 200 gm. of soil mixed with 1000 
gm. of sand. This amount is equivalent to 120 p.p.m. of sand and soil mixture. 
These nitrogen-carrying salts in solution were added to the soil 10 days previous 
to incorporating it with sand and planting the wheat. Water was added to 
bring the moisture content to 12 per cent, which was maintained throughout 
the experiment by daily additions through a small glass tube placed in the 
center of each pot. 

The tabulated data for this series given in table 7 are the averaged results 
for triplicate pots of each treatment. As the weights of plant material pro¬ 
duced, undoubtedly have an influence on the amount of potassium removed 
and its concentration in the plant, attention is directed to the influence of 
soil and of treatment on variations in weight of 100 plants grown on the several 
soils. Ammonium sulfate, on practically all of the soils, adversely affected 
growth of plants, as the weights of dry matter are less than for plants from 
pots receiving no additions of nitrate of soda or ammonium sulfate. This 
effect of ammonium sulfate was generally most pronounced on soils from 
unlimed portions of plots. Whether this effect was caused by increased 
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TABLE 7 

Effect on wheat plants of additions of sodium nitrate and ammonium sulfate to fertility plot soil s 


SOU TREATMENT IN FIELD* 

POT ADDITION 

DRY 
WEIGHT 
OF TOPS 

POTAS¬ 
SIUM 
IN TOPS 

POTAS¬ 

SIUM 

CONCEN¬ 

TRATION 



gm. 

mgm. 

percent 


Sodium nitrate 

1 280 

12.7 

1.007 

No treatment. 

Ammonium sulfate 

0 988 

10 7 

1.084 


No addition 

1.149 

8.5 

0.738 

f 

Sodium nitrate 

1.403 

13 8 

0.982 

Lime.^ 

Ammonium sulfate 

1.235 

13 5 

1.088 

1 

No addition 

1.351 

12.1 

0.896 

f 

Sodium nitrate 

1.532 

15 6 

1 016 

Acid phosphate. \ 

Ammonium sulfate 

1.282 

15.3 

1.191 

1 

No addition 

1.593 

14 5 

0.908 

[ 

Sodium nitrate 

1.381 

13.9 

0.989 

Acid phosphate; lime.S 

Ammonium sulfate 

1.206 

13.1 

1.081 

1 

No addition 

1.253 

12.4 

0.959 

( 

Sodium nitrate 

1.726 

20.3 

1.179 

Muriate potash. »... < 

Ammonium sulfate 

1 162 

21.0 

1.809 

l 

No addition 

1.388 

17.3 

1.142 

( 

Sodium nitrate 

1.218 

14.5 

1.211 

Muriate potash; lime.< 

Ammonium sulfate 

1.159 

14.5 

1.254 

l 

No addition 

1.354 

18.9 

1.397 

f 

Sodium nitrate 

1 163 

12.8 

1.104 

Nitrate soda. { 

Ammonium sulfate 

0.976 

12.7 

1.301 

[ 

No addition 

1.111 

11.9 

1.068 


Sodium nitrate 

1.312 

11.0 

0.840 

Nitrate soda; lime. 

Ammonium sulfate 

1.098 

11.4 

1.033 


No addition 

1.116 

11.6 

1.038 

1 

Sodium nitrate 

1.359 

18.2 

1.341 

Manure. 

Ammonium sulfate 

| 1.049 

16.6 

1.584 

* 

No afldition 

1.293 

15.5 

1.199 

f 

Sodium nitrate 

1.425 

17.5 

1.224 

Manure; lime...< 

Ammonium sulfate 

1.385 

17.4 

1.262 


No addition 

1.367 

16.2 

1.189 


* Fertilize! and manure treatment of plots as stated in footnote table 6. 
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acidity or by physiological unbalance is not evident. Nitrate of soda produced 
more vigorous growth and a larger weight of plant material on all soils except 
those from the plot treated with acid phosphate and from the limed portion 
of the plot fertilized with muriate of potash. The compartive effect of sodium 
nitrate and ammonium sulfate on growth of wheat plants in this experiment 
is shown in plate 1. 

It will be noted that although the yield of potassium in plant material was 
in some cases associated with a larger weight of plants, this was not uniformly 
so. Both sodium nitrate and ammonium sulfate additions to the limed and 
unlimed portions of unfertilized soil caused an increased potassium assimila¬ 
tion over that of plants from soil receiving no addition; this was true regardless 
of the dry weight, which was lowest with the ammonium sulfate treatment. 
In the case x>f unlimed soil from the acid phosphate fertilized plot, the pot 
with no adcStion gave the heaviest growth of plants, but the amount of po¬ 
tassium assimilated falls below that from the treated pots. Although am¬ 
monium sulfate has caused a decreased weight of plants on this soil, potassium 
removal was about the same as that of the plants grown in the pot that had 
an addition of sodium nitrate. 

These additions also caused an increased potassium assimilation or removal 
from soils of the other plots, excepting from limed portions of plots fertilized 
with nitrate of soda and muriate of potash. The results for the latter plot 
show that the amount of potassium in plants from the pot that had no addi¬ 
tion was noticeably more than in plants grown on this soil modified 
by additions of sodium nitrate and ammonium sulfate. 

From the results for unlimed soil fertilized with potash it is quite apparent 
that this soil contains considerable residual potassium, and that both sodium 
nitrate and ammonium sulfate have increased the removal by wheat plants. 
Possibly base exchange may have been a factor influencing the larger removal 
of potassium from this soil. Ammonium sulfate retarded plant growth on 
this soil whereas nitrate of soda increased it, which accounts for the extreme 
variation in percentage or concentration of potassium in the plant material. 
When the growth medium was soil from the limed portion of the potash 
fertilized plot the results display an almost complete reversal of those obtained 
for the other soils of this series, for nitrate of soda and ammonium sulfate 
have not only retarded vegetative growth, but have also appreciably reduced 
the amount of potassium assimilated. An expanation of this may be that 
in the absence of other assimilable elements the plant draws more heavily 
upon an element available in larger quantity. 

The potassium content of plants grown on manured soil furnishes indica¬ 
tions of an available supply that is somewhat less than that in muriate of 
potash fertilized soil, but more than in the other soils. 

Although the variations in potassium assimilation of wheat plants grown 
under modified conditions of treatment are not of sufficient magnitude to 
justify positive deductions, it would seem that the quantity of potassium in 
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wheat plants at the seedling stage is in a measure influenced by nutritional 
growth factors. If the results for plants from soils treated with ammonium 
sulfate are omitted, it is apparent that increased plant growth and content 
of potassium are closely in accord. 

It is a question whether the total amount of potassium in plants or the 
concentration gives the more correct indications of available supply, or of 
the plant’s capacity to assimilate potassium when growth factors are variable. 
Obviously the calculated concentration of potassium is dependent on the 
weight of plant material, so that although approximately equal amounts of 
potassium may be present in the same number of plants grown in the same 
quantity of soil, small differences in weights may affect the results calculated 
on a percentage basis. Neubauer apparently does not make deductions from 
concentration of potassium in plants. 

A further test of the effect of available nutrients on planf growth and 
assimilation of potassium, included additions of mono-calcium phosphate 
and potassium chloride, as well as sodium nitrate and ammonium sulfate to 
several soils from fertility plots. In this series the proportions of soil and 
sand were the same as in the previous test, and the water content was main¬ 
tained at 12 per cent. The amounts of salts added in solution to soils previous 
to diluting with sand and placing in pots were as follows: mono-calcium phos¬ 
phate, 0.075 gm; potassium chloride, 0.15 gm; sodium nitrate, 0.143 gm.; 
ammonium sulfate, 0.108 gm. 

Mono-calcium phosphate furnished phosphorus equivalent to that in 250 
pounds of acid phosphate per million of soil on the basis of sand and soil 
mixture. Potassium chloride at the rate of 0.15 gm. to a pot is equal to 125 
pounds per million of soil. Sodium nitrate, 0.143 gm. per pot, is at the rate 
of approximately 120 pounds to one million of soil; 0.108 gm. of ammonium 
sulfate is equal to about 90 pounds per million of soil. 

The wheat seedlings w r ere grown for 20 days. The data for this series in 
table 8 exhibit decided variations in weights of dry plant material and potassium 
removal from the several soils included in this test. Ammonium sulfate and 
mono-calcium phosphate in contrast with sodium nitrate or potassium chloride 
additions on the same soil, adversely affected plant growth, so that less weight 
of plant material was produced. Sodium nitrate was most effective in pro¬ 
moting plant growth on soil from the plot previously fertilized with muriate 
of potash. This was also true for the previous series where sodium nitrate 
was added to soil from this plot. 

Potassium chloride had a marked influence on stimulating the growth of 
wheat seedlings. Compared with the plants of the previous series grown in 
pots that had no addition, the weights of plants that received potassium 
chloride were consistently increased. The remarkable stimulation of growth 
on unfertilized soil by potassium chloride in contrast with phosphate, am¬ 
monium sulfate, and sodium nitrate additions is illustrated in plate 2* The 
growth made by plants on unfertilized soil and on soil from plots that have 



TABLE 8 

Effect on wheat plants of addition of mono-calcium phosphate , potassium chloride , sodium 
nitrate , and ammonium sulfate to soils 


SOIL AND TREATMENT IN FIELD* 

POT ADDITIONS 

DRY 
WEIGHT 
OF TOPS 

POTAS¬ 

SIUM 

IN TOPS 

POTAS¬ 

SIUM 

CONCEN¬ 

TRATION 


Sodium nitrate 

gm. 

1 218 

mgm 

7.5 

per uni 

0.614 

5-year rotation. No treatment 

Ammonium sulfate 

1 034 

8.4 

0.805 

Mono-calcium phosphate 

1.234 

11 1 

0.910 


Potassium chloride 

1.825 

65.2 

3.583 


Sodium nitrate 

1.447 

11.2 

0.817 

5-year rotation. Lime 

Ammonium sulfate 

1 175 

11.2 

0.979 


Mono-calcium phosphate 

1.233 

12.9 

T051 


Potassium chloride 

1 773 

65.0 

3.666 

[ 

Sodium nitrate 

1 549 

14 7 

0.951 

5-year rotation. Acid phosphate { 

Ammonium sulfate 

1.534 

8.9 

0.582 

l 

Potassium chloride 

2.038 

73 3 

3.596 

( 

Sodium nitrate 

1 419 

12.9 

0.907 

5- year rotation. Acid phosphate; < 

Ammonium sulfate 

1 371 

7.9 

0.575 

lime [ 

Potassium chloride 

1 469 

43.5 

2.968 

( 

Sodium nitrate 

1 891 

22.6 

1.195 

5-year rotation. Muriate potash < 

Ammonium sulfate 

1 493 

16 9 

1.136 

l 

Mono-calcium phosphate 

1 341 

21.2 

1.581 

( 

Sodium nitrate 

1.575 

19.3 

1.226 

5-year rotation. Muriate potash; < 

Ammonium sulfate 

1.355 

13 8 

1.021 

lime { 

Mono-calcium phosphate 

1.212 

19 1 

1.581 


Sodium nitrate 

1.534 

14 2 

0 928 

5-year rotation. Nitrate soda < 

Ammonium sulfate 

1.224 

13.4 

1.097 

Mono-calcium phosphate 

1.250 

16.4 

1 315 


Potassium chloride 

1.491 

60.5 

4.061 


Sodium nitrate 

1.601 

14.6 

0.914 

5-year rotation. Nitrate soda; lime < 

Ammonium sulfate 

1 268 

11.8 

0.932 

Mono-calcium phosphate 

1.348 

14.3 

1.057 


Potassium chloride 

1.581 

63.4 

4.408 

5-year rotation. Acid phosphate; f 

Mono-calcium phosphate 

1.228 

12.4 

1.053 

nitrate soda \ 

Potassium chloride 

1.525 

35.1 

2.301 

5-year rotation. Acid phosphate; f 

Mono-calcium phosphate 

1.262 

14.6 

1.161 

nitrate soda; lime \ 

Potassium chloride 

1 757 

70.0 

4 009 


* Fertiliser treatment of plots for each 5-year period since 1894 as follows; Acid phos¬ 
phate 320 pounds per acre; muriate of potash 260 pounds; nitrate of soda 440 pounds; 
manure 16 tons. Treatment for each 3-year rotation period since 1896; Acid phosphate 
320 pounds per acre; nitrate of soda 200 pounds. 
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TABLE 8 —Conculded 


SOIL AND TREATMENT IN FIELD* 

• 

POT ADDITIONS 

DRY 

WEIGHT 
OF TOPS 

POTAS¬ 

SIUM 

IN TOPS 

POTAS¬ 

SIUM 

CONCEN¬ 

TRATION 

5-year rotation. Manure 

Mono-calcium phosphate 

gm. 

1.232 

mgm. 

17.7 

per cent 

1.433 

5-year rotation. Manure; lime 

Mono-calcium phosphate 

1.281 

17.0 

1.326 

3-year rotation. No treatment 

Potassium chloride 

1.805 

84.7 

4.688 

3-year rotation. Acid phosphate 

Fotassium chloride 

1.569 

74.7 

4.763 

3-year rotation. Acid phosphate; 
nitrate soda 

Potassium chloride 

1 558 

81.9 

5.274 

Forestry plot soil 

Potassium chloride 

2 113 

82.0 

3.919 


been fertilized singly with nitrate of soda, acid phosphate, and muriate of 
potash can be seen from the photographs of wheat plants (plate 3). On the 
muriate of potash fertilized soil that had no additions at the time of growing 
the wheat seedlings, the residual potassium evidently stimulated the growth 
of the young wheat plants. Although addition of sodium nitrate caused a 
greater weight of plants on several of the soils, the removal of potassium was 
not increased except from tie soils of plots previously fertilized with muriate 
of potash and nitrate of soda. 

Mono-calcium phosphate apparently increased the amount of potassium 
in wheat seedlings. Regardless of the effect of this addition on the growth 
and weight of plants, larger amounts of potassium, and increased concentra¬ 
tion over untreated soil resulted where mono-calcium phosphate was added. 

Potassium chloride had the most marked influence on potassium content, 
and also appreciably increased the weights of plants grown on several soils. 
Although the amount added was comparatively small—0.078 gm.—the 
young plants assimilated potassium in excess of their requirements. From 
certain of the soils, the plants contained potassium in excess of the soluble 
potassium added, which would seem to indicate 100 per cent recovery. 

The data for plants grown on soil that had previously been fertilized with 
muriate of potash indicate a luxury consumption of potassium, since an 
increased potassium content is not always associated with greater weight of 
plants. 

The results for some of the treatments show that there is an inverse relation 
between plant weight and potassium content. If the growth of plants is 
influenced by the supply or deficiency of one or more essential elements, the 
amount of potassium in plants may vary, although the amount is the same in 
different soils or in the same soil modified by treatment. 
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Potassium assimilated by wheat and buckwheat 

In this test 10 plants to a pot were grown in different soil dilutions for 20 
days. Plants were grown in 50,100, and 200 gm. of soil mixed with sufficient 
sand to give a total weight of 1600 gm. in each pot. Plants were also grown 
in pure quartz sand and in soil with no dilution. The results obtained from 
wheat and buckwheat are given in table 9. 

It will be noted that in 200 gm. of soil the increased weight of buckwheat 
plants was more marked, but with smaller amounts of soil the differences 
between weight of wheat and of buckwheat decreased. 

With less than 200 gm. of soil the potassium content of 10 wheat plants 
was the same, but there were gradually increasing amounts of potassum in- 
the buckwheat, resulting in a rather consistent relation between the produc¬ 
tion of plant material and the potassium assimilated. It is evident from the 
amounts of potassium removed by wheat and buckwheat grown for the same 
length of time, that buckwheat draws more heavily on soil potassium. The 


* TABLE 9 

Data for wheat and buckwheat plants grown in varying proportions of soil and sand 


WEIGHT OP SOIL 

DRY PLANT WEIGHT 

POTASSIUM IN TOPS 

POTASSIUM CONCENTRATION 


Wheat 

Buckwheat 

Wheat 

Buckwheat 

Wheat 

Buckwheat 

gm. 

gm. 

gm. 

mgm. 

mgm. 

per cent 

per cent 

0 

0.303 

0.307 

3.8 

3.7 

1.246 

1.200 

50 

0.358 

0.551 

3.7 

5 1 

1.032 

0.918 

100 

0.433 

0.761 

3.9 

7 3 

0.909 

0.961 

200 

0.669 

1.251 

5.7 

14.2 

0 860 

1.131 

1,600 

1 977 

3.579 

22 8 

49.5 

1 151 

1 384 


more marked increased growth of buckwheat as compared with wheat in the 
several soil dilutions is shown in plate 4. Some preliminary experiments 
reported by Haley (1) have indicated that buckwheat is satisfactory for 
measuring the availability of potassium in soils. 

Potassium removal by corn plants 

In some further work, com plants were grown in soil from fertility experi¬ 
ment plots. In one test 5 corn plants were grown for 18 days in 800 gm. of 
soil diluted with 4000 gm. of sand. The soils were from unlimed and limed 
portions of an unfertilized plot, and from plots that had been fertilized with 
muriate of potash and with acid phosphate. From the results in table 10 it 
is apparent that sodium nitrate and ammonium sulfate added to supply 
available nitrogen and bases for replacement reactions apparently have had 
little or no effect. 

The more marked variations in potassium removed were found in the com 
plants grown on soil from plots fertilized with acid phosphate and with muriate 
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TABLE 10 


Potassium removal by 5 Corn Plants grown for 18 days in 800 gm. soil mixed with 4000 gm. sand 


SOU TREATMENT ON PLOTS* 

POT ADDITIONS 

WEIGHT 

POTASSIUM 

REMOVED 

1 

Tops 

Roots 

Tops 

Roots 



gm. 

gm. 

mgm. 

mgm. 

( 

None 

1.11 

2.05 

13 

12 

None. { 

Sodium nitrate 

1.18 

2.12 

12 

11 

\ 

Ammonium sulfate 

1.05 

2 13 

9 

7 

[ 

None 

1.16 

2.48 

17 

17 

Lime. { 

Sodium nitrate 

1.11 

2.17 i 

13 

14 

\ 

Ammonium sulfate 

1.31 

2 57 

23 

16 

( 

None 

0.92 

1 60 

8 

8 

Acid phosphate. \ 

Sodium nitrate 

0 87 

1.84 

9 

6 

\ 

Ammonium sulfate 

0.81 

1.64 

8 ! 

* 7 

f 

None 

1.06 

1.84 

8 

9 

Acid phosphate; lime . { 

Sodium nitrate 

0.82 

1.79 

7 ! 

8 

l 

Ammonium sulfate 

0.84 

1.83 

8 

7 


None 

0 93 

1.72 

21 

15 

Muriate potash . 

Sodium nitrate 

1.02 

1.67 

22 

17 


Ammonium sulfate 

1.07 

1 84 

26 

22 


None 

0.91 

1.79 

15 

14 

Muriate potash; lime. 

Sodium nitrate 


1.73 

11 

10 


Ammonium sulfate 

0 72 

1.56 

10 

9 

Sand. 

None 


1.27 

4 

5 


* Treatment of plots same as stated in footnote table 6. 


TABLE 11 


Potassium removed by corn and wheat plants grown for 18 days 


SOIL TREATMENT IN PIELD 

POTASSIUM REMOVED BY 

CKNTI-NORMAL 
ACID-SOLUBLE 
POTASSIUM 

Wheat 

Corn 


mgm. 

mgm. 

p.p.m. soil 

None. 

8 

13 

34 

Lime. 1 

12 

17 

23 

Acid phosphate. 

14 

8 

37 

Acid phosphate; lime. 

12 

8 

17 

Muriate potash.... 

17 

21 

77 

Muriate potash; lime. 

19 

15 

36 
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of potash. In table 11, the results for 5 corn plants grown in 800 gm. of soil 
diluted with 4000 gm. of sand are compared with the removal by 100 wheat 
plants grown in 200 gm. of soil and 1000 gm. of sand. Although the ratio 
of soil to sand was the same for corn and wheat the former had more soil, 


TABLE 12 

Potassium removed by 2 com plants grown in undiluted soil from fertility experiment plots — 

Planted June 3, cut July 25 


SOIL AND FERTILIZER TREATMENT* 

POT ADDITIONS 

WEIGHT 
OF TOPS 

POTAS¬ 

SIUM 

REMOVED 

POTAS¬ 

SIUM 

CONCEN¬ 

TRATION 



gm. 

mgm. 

percent 

5-year rotation: 





None. 

None 

15 

154 

1.025 

None. 

Acid phosphate; sodium 
nitrate 

25 

188 

0.752 

None. 

Acid phosphate; sodium 
nitrate; potassium chloride 

30 

512 

1.705 

Acid phosphate. 

None 

18 

146 

0.812 

Acid phosphate. 

Potassium chloride 

25 

346 

1.383 

Acid phosphate. 

Sodium nitrate: potassium 
chloride 

17 

281 

1.653 

Muriate potash. 

None 

15 

311 

2.075 

Muriate potash. 

Acid phosphate 

20 

343 

1.717 

Muriate potash. 

Acid phosphate; sodium 
nitrate 

20 

332 

1.661 

Acid phosphate; sodium nitrate... 

None 

15 

148 

0.989 

Acid phosphate; sodium nitrate... 

Potassium chloride 

19 

289 

1.520 

3-year potato rotation: 





None. 

None 

19 

177 

0.929 

None. 

Potassium chloride 

22 

319 

1.452 

Acid phosphate. 

None 

15 

116 

0.772 

Acid phosphate. 

Potassium chloride 

20 

286 

1.431 

Acid phosphate. 

Potassium chloride; sodium 
nitrate 

30 

362 

1.206 

Muriate potash. 

None 

15 

259 

1.725 

Muriate potash. 

Acid phosphate; sodium 
nitrate 

25 

277 

1.109 

Forestry plot 

None 

32 

678 

2.119 

Forestry plot. 

Acid phosphate 

39 

756 

1.938 


* Fertilizer treatment of plots for each 5-year period since 1894 as follows: Acid phosphate 
320 pounds per acre; muriate potash 260 pounds; nitrate soda 440 pounds. Treatment for 
each 3-year rotation period since 1896: Acid phosphate 320 pounds; muriate potash 200 
pounds. 

and consequently more potassium at its disposal. If the dilute-acid-soluble 
potassium furnishes reliable evidence of variations in availability, the com 
plant in this test has been no more satisfactory than wheat in furnishing 
indications of the characteristics of the soil in this respect. 
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Potassium removal by corn plants grown in undiluted soil 

Com plants were grown in undiluted soil from the several fertility experi¬ 
ment plots indicated in table 12. The soil used in this test was from the 
portions of the plots that have received additions of limestone. Triplicate 
pots containing 3000 gm. of soil were planted June 3 and harvested July 25. 
Five plants were started in each pot and at the end of the first week the plants 
were thinned to two. 

Additions of acid phosphate, potassium chloride, and sodium nitrate were 
made to certain pots as indicated in the table 12. The quantities of these 
materials per pot were as follows: Acid phosphate 0.9 gm.; potassium 
chloride 0.375 gm.; sodium nitrate 0.357 gm. These quantities are equivalent 
to 300 p.p.m. of acid phosphate, 125 p.p.m. of potassium chloride, and 119 
p.p.m. of sodium nitrate. Sodium nitrate and potassium chloride were 
added in solution, and acid phosphate was mixed with the soil 10 days before 
planting the com. Triplicate tests of each soil were made and the results 
averaged for the three pots. 

The object of this test was to determine to what extent com plants grown 
for a more extended period than the plants in previous tests would reflect 
variations in potassium supply brought about by fertilizer treatment, es¬ 
pecially by that not including potassium. The additions to the pots provided 
for a supply of available nutrients other than those with which the plots had 
been fertilized. 

The weights of plants on the several soils are not widely different with the 
exception of those on the forestry plot soil, which exhibited a high productive 
power whenever it has been used in the pot tests with wheat seedlings. With 
additions of phosphorus, potassium, and nitrogen to the soils in the pots just 
previous to planting the com, there were, however, some increases in weights 
of plants produced. The addition of potassium chloride to the soil from a 
plot fertilized with acid phosphate caused an increase, whereas the addition 
of sodium nitrate with potassium apparently adversely affected the growth, 
resulting in a plant weight equal to that on the soil with no addition. The 
potassium removed, however, was more than that of plants grown in the same 
soil without additions. 

Regardless of the effect on weight of dry matter produced, potassium chloride 
invariably caused an increased removal of potassium, as well as a greater 
concentration than in plants grown on soil receiving no addition of available 
potassium. The increased amount of potassium taken up by plants grown 
on soil that had been fertilized with muriate of potash also reflects the larger 
available supply, although the yield of dry plant material did not differ ma¬ 
terially from that of plants on unfertilized soil. 

In this comparison of soils from the several fertility plots no check with 
sand only was included. But a check on that portion of the potassium re¬ 
moved that could have been obtained from the seed is furnished by available 
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data regarding the weight and potassium content of an average sample of 
seed planted in this and in the previous test with corn. The average weight 
of the com was 0.2552 gm. per kernel, and the potassium content per gram 
of seed was 0.003 gm., so that 2 seeds supplied 1.5 mgm., a negligible quantity 
in comparison to the total amount removed. These com plants grown in 
undiluted soil have assimilated varying amounts of potassium, which quite 
consistently indicate differences in the available supply. 

SUMMARY 

Experiments have been in progress to ascertain whether potassium ab¬ 
stracted by plants will furnish reliable information concerning the available 
supply in soils. 

Neubauer’s seedling method of soil analysis, in which a large number of 
plants are grown in a small amount of soil diluted with sand, has been employed. 

The soils used in measuring the availability of potassium by means of 
plant seedlings included those from fertility experiment plots that have been 
fertilized and under observation for a period of years. 

Several series of tests were made varying somewhat as to the soil dilution 
with sand, the number of plants, and other conditions. 

From a comparison of rye and wheat, it was found that the latter produced 
a larger weight of plant material and removed more potassium. 

It was concluded from experiments with varying proportions of soil and 
sand, and with varying numbers of plants, that 100 wheat seedlings grown 
in 200 gm. of soil diluted with 1000 gm. of sand furnished the opti¬ 
mum conditions. 

A test with wheat and buckwheat plants grown for 20 days showed that 
buckwheat abstracted more potassium. 

Additions of available nutrients to soils that have been fertilized and 
cropped for many years affected tne potassium removal. 

It is apparent that the amount of potassium removed is closely associated 
with increased plant growth produced by supplying available nutrients. 

Additions of available potassium had a marked influence in stimulating 
the growth ol wheat seedlings. 

From the increased potassium removed by wheat seedlings grown on soil 
that have received applications of potassium in fertilizers and manure, it is 
evident that a potassium residual from that applied is readily available. 

Potassium abstracted by wheat seedlings from limed soil that has received 
no other fertilizer than acid phosphate for over 30 years, does not indicate 
the same depletion of available potassium as do a dilute acid extraction of 
the soil and decreased com yields during recent years. 

The potassium content of com plants grown beyond the seedling stage in 
undiluted soil varied very consistently with the available supply, as indicated 
by the fertilizer treatment and the additions to pots. 
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PLATE 1 

Effect or Ammonium Sulfate and Sodium Nitrate Additions on Growth of Wheat 

Seedlings 

Pot 28, ammonium sulfate; pot 27, sodium nitrate 
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PL\TF 2 

Ki-ri ( r m Li\n\<. o\ mi (i r< »w iii oi Win \i Siiimim.s 

T r Hr 1. Fnlimud soil Pot 2, mono ulnum pho^pliatr, pot 21, potassium (hloinlt, 
x>, ammonium sull\ik\ pot 4\ sodium mti.iU 1 

Fu. 2 Liini'd soil Pol F mono (ale mm pliospluti , pot 2 F potassium (liloi idr, pot 
ammonium sullatc, pot 4"), sodium iiiliah 
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PLATE 3 

( iiv’*>w in o!- Win \vi Sm.dlings on Soils j kom 5 \i \k koruios l*ior- 

IK: 1 Pot (>1, unfeitilued soil, pot 05, plot 2, ami phosphate, 
ioi. 2 Pot 0 ( >, plot L muriate potash, pot 73, plot 5, sodium nitrali 



rOTASMUM CON FhNT Ol- I'l.A.X I s 

I V\ AMI ^ AM) k W. l.l KDI L 



Fig. 1 
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PE VI ], 4 

(ikt>\\ m oi- l>i ckw in. \ i wp Win \ i i\ Smm, Sun ! >i 1 1 1 1 « 

Flo. J. Buckwheat Pot 1, sand, pot 2, 50 soil, pot 5, 100 »m s<»d, pot I, J00 em 
soil, pot 5, soil, no dilution 

Fir, 2 \\ heat Pot 11 sand; pot 12, 50 nm soil, pot 14, 100 *',m soil, pot 14, 200 em 
soil; pot 15, sod, no dilution 



POTASSIUM CONTENT OF PLANTS 

J W AUI^ A\U U. VV Gl Ri)l L 


PLATE 4 
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EFFECTS OF SOME ELECTROLYTES ON KAOLIN AND THE PROB¬ 
ABLE RELATION TO THE SOIL 

JOHN R. SKEEN 
University of Pennsylvania 1 

Received for publication May 28, 1926 

In a previous paper (22) evidence was presented indicating that the for¬ 
mation of hardpan in clay soils was a function of the pH. In soils observed 
in the vicinity of Philadelphia, the clay particles forming the hardpan are 
bound either by iron or aluminum, as the oxides or silicates. They present 
a layer that is practically impermeable to water and are a factor in local 
plant distribution, because, severed from the connection with the subsoil, 
they can dry out more thoroughly and thus cause a higher osmotic pressure, 
and, it was believed, because iron and aluminum were in the soil solution in 
sufficient quantities to be toxic to some plants. In a recent article Magi- 
stad (15) contributed toward the toxicity problem. This paper deals with a 
preliminary physical chemical consideration of the behavior of kaolin in an 
effort to explain how hardpans are formed in acid clay soils. 

NATURE OF THE HARDPAN 

The hardpan in question occurs in silt and clay loams which have become 
acid. It is found as a red or silvery layer at various distances below the 
surface, but is most common at depths of 6 to 20 inches. The layer is made 
up of clay aggregates more or less cemented by the silicates and oxides of 
aluminum and iron. When dry, the layer is exceedingly hard, and, soaked 
in water, becomes tough. In both conditions it is impermeable to water so 
that the surface soil, even a short time after a rain, loses most of its capillary 
moisture, while the subsoil immediately below the layer generally has a 
maximum supply. 

In the Philadelphia region, where this hardpan occurs, no succulents sur¬ 
vive the summer months. 

The surface 6 inches of the soil is generally coarsely granular and dry and 
relatively free of organic matter. When saturated it tends to puddle and is 
most unsatisfactory to work. 

ADAPTABILITY OP KAOLIN FOR EXPERIMENTS 

Several methods of fractionating soils were tried but the same type and 
size of particle was not consistently obtained. Although, in all the soils used, 
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when well washed in distilled water, the particles migrated toward the anode 
in an electric field, yet they migrated at different rates in samples of soil 
prepared in the same way at different times. Results obtained with one 
sample could not be compared with observations made on a different batch 
of what was apparently the same material. As reproducible results are 
imperative, it is necessary that the material be of a uniform quality. Soil 
samples proved impractical and as a substitute, the kaolin supplied by Merck 
and Company was used. It is fairly uniform in texture and chemically is 
nearly free of everything except HC1. 

It is believed that any conclusions that may be drawn when kaolin 1 is used 
as the medium are applicable to “clays” as a class. According to Washburn 
(27), one of the most common mineralogical constituents of “clay” is kaolin, 
which in its purest form is a crystalline mineral having the composition 
Al203-2Si0 2 -2H 2 0. Warington (26) states that “in a typical clay (kaolin) 
derived from the decomposition of felspar, the whole substance has practically 

the same chemical composition.” Merrill (18) says, “orthoclase is 

one of the commonest and most abundant of the felspars and forms an essen¬ 
tial constituent of acid rocks.As a rock constituent, the potash 

felspars are of primary importance yielding on their decomposition .... the 
material kaolin.” 

According to Hall (6) and Hilgard (9) orthoclase may be written 
K 2 0*Al 2 0 3 *6Si0 2 . It decomposes in carbonated water forming kaolinite, 
Al20 2 (0H)4-Si 2 0 3 , the basis of clay. Swanson (23) gives another formula for 
kaolinite and graphically writes it differently from other authorites. It has 
been suggested that kaolin may be a loose Van Bemmelen (24, 25) adsorption 
compound of aluminum oxide and sand which may behave as a unit although 
it is not necessarily one. 

The structure of kaolin seems doubtful but it is an important constituent 
of nearly all clay soils. 


METHODS 

Determinations were made simultaneously on the same sample of 
kaolin for: 

1. Turbidities at intervals up to forty minutes, 

2. Final volumes of the sedimented kaolin at various intervals up to two days, 

3. Conductivity, always comparing to blanks containing no kaolin, 

4. pH, 

5. Sign and intensity of the charge on the particles. 

The kaolin was put into collodion bags and dialyzed in a stream of running 
water for eight weeks. The conductance of the supernatant liquid in which 
the kaolin was kept was only slightly lower than that of distilled water exposed 
the same length of time although protected from dust. It was believed that 
the kaolin so prepared was “chemically pure” and that it did not ionize appre- 
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ciably. Kaolin was later prepared in an electric dialyzer (17), and washed 
several times by decantation. So prepared, its resistance is practically the 
same as that of freshly distilled water. A stock was thus easily prepared. 

Determined stock solutions of aluminium chloride, calcium chloride, barium 
chloride, sodium chloride, hydrochloric acid, and sodium hydroxide were 
made up and the same solutions were used throughout the work. The sodium 
hydroxide solution was redetermined from time to time. The stock solutions 
were diluted with distilled water to give the required concentrations. The 
concentrations of the other solutions used were only approximately accurate. 

A large number of 50-cc. graduated cylinders were procured and twenty 
chosen having the same internal depth, so that the internal friction in any 
check experiments would be the same through any given time interval. By 
means of a pipette, 2 gm. of kaolin were put into each of these graduates, and 
made up to the 50-cc. mark with the proper solution. In all cases two grad¬ 
uates with kaolin and distilled water were prepared as a check. The graduates 
were then tightly stoppered by inverting slightly oversize, pliable rubber stop¬ 
pers into the openings. In this way the stoppers made a flat surface entirely 
across the mouth of the cylinders. This prevented kaolin from sticking to 
the much greater surface exposed by variously tapering stoppers. It was 
assumed that the same quantity of kaolin adhered to the stoppers in all cases. 
An error was introduced, but a constant one well within the limit of accuracy 
demanded by the experiments. 

1. Turbidities as determined in these experiments are entirely comparative. 
The standard of comparison chosen was distilled water. Six concentrations 
of three electrolytes were generally prepared simultaneously when strictly 
comparative data was wanted. The kaolin was thoroughly shaken in the 
graduates three or four times at intervals before observations were made. 
Turbidities were compared at 2, 4, 7, 10, 15, 20, 25, 30, and 40 minutes and, 
when necessary, longer. The graduates were placed in front of a bank of 
25-watt lamps. Black paper was placed behind the graduates so that a good 
contrast could be had under uniform conditions. After some little practice, 
it was possible to determine by simply observing turbidities, not only the 
concentration of the solutions but which solutions were in any given cylinder. 

2. The volumes occupied by the kaolin in falling were determined at the 
same intervals as the turbidities and also at 12, 24, and 48 hours. The bulk 
of the kaolin settled together leaving a more or less dense supernatant liquid. 

3. When the liquid was entirely clear, it was pipetted out and put into a 
tall, narrow beaker having a capacity of about 30 cc. The resistance in ohms 
of the liquid was recorded. The resistance in ohms of the same concentration 
of the liquid before determined, treated in the same way but with no addition 
of kaolin, was obtained. This gave an immediate and exact comparison of 
the degree of adsorption or non-adsorption of the electrolyte by kaolin. 

4. Determinations for pH were made by means of the potentiometer using 
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a saturated calomel cell. With the unbuffered solutions, results were entirely 
unreliable and only those results are recorded which are dependable. 

5. Migration measurements were made by means of the apparatus recom¬ 
mended by Northrop (21). The cell used had a depth of 0.2 mm. The parti¬ 
cles were observable under the low power of the microscope and migrated at 
a fair rate in an electric field of 110 volts and 0.3 amperes. The field of the 
scope was graduated and a graduated glass disc was inserted just beneath the 
eye piece. By means of a stop watch it was then possible to determine the 
time required for particles to move a given distance. No observations were 
made on particles within 55 m o f the upper and lower surfaces of the cell. 
Thus starting at a depth of 55 m from the top of the cell, determinations were 
made at intervals of 10/x at 10 depths. As many determinations of the rate 
of movement of the particles as possible were made at all the depths mentioned 
with the same sample. Because of the rapid settling of the particles, very 
few determinations could be made in some solutions at the upper levels. In 
such cases samples were made until the speed of at least ten particles could 
be observed. 

The poles were changed at intervals and the rate of migration noted in the 
opposite direction. The mean rate of all depths of three or more separate 
experiments are recorded for each concentration used. As the particles are 
far from spherical and as in some solutions they form aggregates whereas in 
others they are very much dispersed, no attempt to calculate the intensity 
of the charge was made. In all cases the rates recorded are relative to the 
rate of migration of particles in distilled water. 

The figures recorded in table 1 are believed dependable for the weaker solu¬ 
tion, but are not satisfactorily reproduced at concentrations of 0.1 M or more. 
Particularly is this true in the case of HC1. 

RESULTS 

The results reported in table 1 are believed typical for kaolin treated as 
described. The figures for resistance are the mean of many determinations 
made on at least three separate check experiments. Final volume results 
are the mean of two or more readings on at least five check experiments. 
This also applies to the data on turbidity. It was hoped that pH determina¬ 
tions would be sufficiently accurate to indicate the possibility of the selective 
adsorption of ions by kaolin. As no reasonable checks were obtained, only 
the pH limits of the solutions of salts are recorded. 

1. It was found that the effects of different solutions on the quantity of 
kaolin suspended were most apparent 15 minutes after the last shaking. As 
the bulk of the kaolin settled in the graduates there remained suspended 
sufficient kaolin particles to color the liquid. A liquid such as 0.001 M A1 
cleared immediately after shaking. The “turbidity” of this solution is re¬ 
corded as 0 . Less clear solutions were arbitrarily assigned a number as they 
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TABLE 1 


MOLAR SALT 
CONCENTRATION 

OHMS — 
KAOLIN 

OHMS + 
KAOLIN 

VOLUME 

OF SEDI¬ 
MENT AT 

24 HOURS 

TURBIDITY 
AT 15 
MINUTES 

TURBIDITY 
AT 30 
MINUTES 

SPEED PER 
SECOND 

pH 





CC. 



M 


Water 


80,000 

13,500 

7.30 


2 

-14.5 

8.4 


r 1.0 

_ 

6 

5.94 


1 

-12.9 



0.3 

13 

14 

5.58 


1 

-14.5 


NaOH 

to. 1 

41 

45 

5.67 


2 

-16.7 


0.03 

114 

137 

6.75 


3 

-20.5 



0.01 

396 

491 

6.93 


6 

-26.0 



[0.003 

1,755 

1,720 

6.39 


12 

-28.0 



[l.O 

— 

12 

6.25 

10 

2 

-10.4 

8.4 


0.3 

25 

30 

5.72 

9 

3 

-23 3 


Nad < 

0.1 

76 

90 

6.24 

9 

3 

-24.5 


0.03 

232 

274 

7.34 

8 

2 

-21.6 



0 01 

— 

716 

7.44 

7 

2 

-21.6 



0.003 

1,912 

1,820 

7.45 

6 

2 

-20.2 

8.5 


1 0 

_ 

3 

5.58 

7 

1 

+16.0 



0.3 

7 

6 

6.00 

6 

1 

+ 


HC1 - 

0.1 

22 

26 

6.84 

2 

1 

— 


0 03 

61 

76 

7.59 

2 

1 

— 



0.01 

205 

355 

7.23 

3 

1 

— 



[0.003 

600 

2,020 

6.78 

4 

1 

-11.3 



f0.6 

_ 

12 

5.86 

9 

1 

+8 9 

7.5 


0.1 

45 

56 

6.30 

4 

1 

-5.7 


! 

0.03 

132 

166 

6 43 

3 

1 

-7.1 


Caa, H 

0.01 

— 

450 

6.68 

3 

1 

-8.6 



0.003 

1,080 

1,166 

6.68 


1 

-10.2 



0.001 

3,040 

2,810 

6.76 


1 

-10,3 



k 0.0003 

8,800 

4,880 

6.86 


1 

-10.8 

8.5 


0.6 

— 

10 

5.76 


2 

+3.0? 



0.1 

44 

— 

6.35 


1 

-4.5 


s' 

0.03 

120 

130 

6.61 


1 

— 


BaClt < 

0.01 

376 

410 

6.61 


1 

-7.7 



0.003 

1,020 

1,101 

6.53 


1 

-10.8 



0.001 

3,340 

3,050 

6.53 


1 

-12.9 



l 0.0003 

7,950 

5,970 

6.26 


1 

-15.0 



0.6 

7 

8 

6.52 

11 

4 

+6.9 

2.07 


0.1 

21 

26 

7.94 

8 

3 

+19.2 



0.03 

62 

72 

8.86 

8 

3 

+29.5 


AlCl, - 

0.01 

— 

190 

8.90 

8 

3 

+29.5 



0.003 

433 

515 

9.92 

7 

2 

+32.0 



0.001 

1,210 

1,400 

10.74 

0 

0 

+21.2 



0.0003 

3,040 

2,520 

8.02 

2 

1 

-12.3 

8.00 
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increased in turbidity. At IS minutes from shaking, the graduate containing 
0.3 M NaOH was less turbid than the graduate containing water. The value 
6 is assigned for the turbidity of 0.3 M NaOH and 7 for kaolin and distilled 
water. The turbidity value for water is kept constant for the comparison 
of check experiments. 

The turbidity value of kaolin in water after the 30-minute interval is placed 
at 2 y and perfect clarity of the supernatant liquid at 0. 

It is then clear that in all the solutions recorded in table 1 (except NaOH) 
the particles of kaolin settle more or less rapidly. It is also evident that 
different concentrations of the same electrolyte affect turbidities to a marked 
extent. With HC1, CaCU, BaCU, and AICI3 there is a concentration producing 
the least turbidity. Any increase or decrease from this concentration results 
in an increase in turbidity. It is significant to note that the least concentrated 
solution of NaCl produces the clearest solution, whereas the most concen¬ 
trated solution of NaOH produces the least turbidity. 

A1 is the most efficient ion in clearing solutions of kaolin, followed by Ba, 
Ca, and H in the order given. With turbidities as criteria, the efficiency of 
the ions in clearing solutions reduced to simplest terms if H-l, Ba-3, Al-100. 
Ca is less efficient than Ba in this regard. 

NaCl and particularly NaOH, greatly increase the turbidities of the solu¬ 
tions. Even traces of NaOH have a marked effect on kaolin, keeping quanti¬ 
ties in suspension for two hours or longer. 

Sodium sulfate behaves as NaOH, greatly increasing the turbidity of the 
solutions. Sodium citrate, even in concentrations of 0.001 causes the 
greatest increase in turbidity and prevents clearing for 10 days and sometimes 
longer. 

Sucrose and urea have no effect on turbidities in weaker concentrations. 
The increase in the specific gravity of the more concentrated solutions tends 
to keep the particles in suspension for a slightly longer time than distilled 
water. Thus non-electrolytes have no effect on the clarity of the supernatant 
liquid. 

These results are entirely as could be predicted and are used only as checks 
on the effect of ions of different speed and valency and as criteria of the rela¬ 
tive degree of disassociation of the kaolin aggregates. 

2. The concentrations of less than 0.03 M Na and H have approximately 
the same aggregate result, that is, little changing of the final volume of the 
sediment as compared to water. The OH ion decidedly decreases the final 
volume of the sediment as do the Ca and Ba ions. The SO4 ion has a marked 
reducing effect on the final volume of the sediment whereas the tri-valent 
citrate ion reduces the volume by almost 50 per cent. 

Of the ions used, A1 alone increases the volume of the sediment to a marked 
extent. 

The more concentrated solutions of all the salts used decrease the final 
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volume of the sedimented kaolin very considerably either compared to water 
or to the less concentrated solutions of the same salt. 

Sucrose and urea had no affect whatever on the volume of the sediment 
produced, the values obtained in all concentrations being the same as those 
obtained with water. Having no tangential value, the curves are not drawn. 

From the curves of figure 1, it may be seen that tne volume occupied by 2 
gm. of kaolin may be only 60 per cent of that volume attained in water, or it 
may have increased 50 per cent. Microscopic examination shows that such 
great differences are due to the formation of sizable aggregates in the case of 
the greatest increase in the final volume of the sediment, and to the complete 
break-up of the aggregates when the final volume is markedly decreased. 



Fig. 1. Final Volume of Sedimented Kaolin in Graduates at End of 24 Hours After 
Shaking with Molar Concentrations of Electrolytes Indicated 

In a general way, it may be said that the more turbid is the supernatant 
liquid, the less will be the final volume of the sediment. 

The experiments on turbidities and sediment volumes furnish a fair check 
on each other, and are important to this paper only as they indicate that the 
degree of aggregation of the kaolin particles can be markedly altered, that 
active anions can break up the aggregates—a tri-valent anion most completely, 
and a di-valent anion to a greater extent than the OH ion. Of the cations 
used, A1 and Na alone cause the flocculation of the particles. 

3. Figures 2 and 3 show that in the weaker solutions of the electrolytes 
(HC1 excepted) no adsorption of the electrolytes occurs. On the contrary. 
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the solutions apparently become more concentrated in the presence of kaolin. 
These findings are in accord with those of many investigators working with 
substances other than kaolin, and again demonstrate that the Freundlich 
adsorption isotherm does not hold for dilute solutions. 

No comparison of adsorption rates of the electrolytes can be made by this 
method, insofar as adsorption occurs only in the more concentrated solutions 
where the conduction is too great for accuracy. However, the method fur¬ 
nishes a good comparison of the “negative adsorption” of the salts. This 
seems to be a false term, for in such solutions something must be adsorbed— 
if not the solute, then the solvent. However, the following “negative adsorp¬ 
tion” sequence may be written: NaCl, NaOH > BaCk > AlCls, > Hcl, in 
which HC1 is adsorbed at all concentrations. 



It is significant to note that adsorption occurs in weaker solution of A1 than 
of Ba and Ca. A fairly concentrated solution of Na must be present before 
it is adsorbed by kaolin. 

4. The pH of kaolin when dialyzed as described is slightly greater than 8.4. 
Dilute solutions of the chlorides of Na, Ba, and Ca have little effect on this 
value. Increased concentrations of A1C1 3 rapidly decrease the pH of the 
kaolin solution but as the curve obtained is very irregular and is believed to 
be unreliable, it is not recorded. The few pH values reported were checked 
innumerable times and consistently gave the same figures. They are believed 
to be reliable, and are accurate within quite narrow limits Ba behave* 
practically as Ca. 
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5. Cataphoretic measurements are reported in microns per second. The 
accuracy of the values given depends entirely on the number of determinations 
made at the different levels. The greater the number of determinations, the 
less is the chance of error and the closer is the approach to an absolute com¬ 
parison. Most of the figures given represent an average of more than 100 
observations at 10 levels from three or more separate samples. Comparative 
results are reproducible within narrow limits, but there is difficulty in obtain- 
ing specific values. 

A considerable error is obtained in the more concentrated solutions, because 



Fig. 4. Rate or Migration or Kaolin Particles in i m Per Second When ErrEciED 
by Molar Concentrations of Electrolytes 


of the physical nature of the electrolyte in retarding the particles. The true 
speed of the particles is believed to be somewhat decreased. Then, too, the 
size of the particles varies in different solutions and the mass of the particles 
introduces an error. It was only with the greatest difficulty that any figures 
at all could be obtained for HC1. This acid appears to neutralize the charge 
of the particles very completely, causing no motion whatever in most cases, 
although the particles remain suspended. It was clearly seen that in the same 
solutions at any given level, particles migrated to both the anode and cathode. 
Indeed the same particle could change the sign of its charge several times 
before passing from the field of the microscope. 
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As before mentioned, it is impracticable to calculate the intensity of the 
charge because the particles have no definite size or shape and they may form 
aggregates of varying complexity. The intensity of the charge is here meas¬ 
ured by the speed of migration of only those particles which move. This 
introduces still another error in observations made on slow moving particles. 
Results are comparative and are presented only as such. 

Figure 4 illustrates the effects of the various ions on the charge of the 
particles. It is evident that NaOH increases the charge to the greatest 
extent in the negative direction and that NaCl does not have quite so pro¬ 
nounced an effect. Ba, Ca and HC1 decrease the charge and in dilute solu¬ 
tions, as does Al. But A1 rapidly neutralizes the charge and even in dilute 
solutions reverses it to a marked extent. Only the most concentrated solu¬ 
tions of Ca and Ba reverse the charge of the particles, and HC1 is more effi¬ 
cient in this regard than Ca or Ba. Increasing the concentrations of NaOH 
and NaCl decreases the charge of the particles. But this effect, as before 
pointed out, may be due to the internal friction of the solutions. When the 
concentration of Al is increased beyond 0.003 M, the charge is also decreased* 

It was thought that some correlation between the intensity of the charge 
on the particles and the final volume of the sediment could be obtained from 
these experiments. That the degree of flocculation is independent of the 
sign or intensity of the charge is apparent from a comparison of the curves of 
figures 1 and 4. On the contrary, with Al, it seems that as the charge in¬ 
creases, the final volume of the sediment increases, but this statement does 
not hold for the other electrolytes. This condition is at variance with sus¬ 
pensions of the metals where the intensity of the charge determines the amount 
and speed of precipitation. There does seem to be some correlation between 
the intensity of the charge in either direction and the turbidity of the solution. 
Table 1 shows this quite clearly. It appears that flocculation with kaolin 
depends on the quantity and quality of the supernatant liquid. Calcium 
acts as a deflocculating agent on “chemically pure” kaolin as compared with 
the final volume of the kaolin in distilled water, although it decreases the 
charge on the particles. This statement is quite at variance with the gener¬ 
ally accepted view. 

DISCUSSION 

Calcium is generally regarded as a flocculating agent in soils. The data 
presented indicate that it is a deflocculating agent on kaolin. There is no 
discrepancy in the two statements when it is considered that this paper deals 
with high resistance kaolin. Mattson (16) in discussing this question is of 
tha opinion that calcium acts as a binder, or bridge between two particles of 
clay, holding them together. The number thus held increases with the pH, 
ite this way hastening flocculation of the soil in question. It is believed that 
any effect that Ca may have as a flocculating agent is due only to the reduc- 
tbxi in the effect produced by some electrolyte already present which has 
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deflocculated the soil to a greater extent than calcium is capable of doing. 
There is also the possibility of the precipitation of the hydrates of aluminum 
and iron, in this way binding together many clay and sand particles. Then 
too the flocculating effect of calcium on soils probably is not due directly to 
the effect on the soil particles but indirectly by the precipitation of silicates 
and humates. 

The cataphoretic measurements reported by Dayhuff and Hoagland (5) 
in working with clay suspensions show the same general tendency as those 
given here. They say, in part, 

within the range of reaction found in the soil solutions, the clay colloid .... showed 
no change in the sign of its electric charge, and the nature and concentration of the cations 
present in the solution had a predominant influence on the stability of the colloidal 
suspension. 

The observations of Dayhuff and Hoagland are in harmony with the present 
findings, with the single exception that 0.8 milliequivalents of aluminum as 
the chloride show a pronounced positive charge with kaolin. This is believed 
due to the greater purity of the kaolin used over the clay suspension of Dayhuff 
and Hoagland. 

As before pointed out, HC1 is adsorbed at all concentrations used and the 
nature of the curve indicates that HC1 would be adsorbed even at infinite 
dilution. No other electrolyte used was adsorbed at dilute concentrations, 
but were “negatively adsorbed.” The data presented indicate the “negative 
adsorption” sequence: NaCl, NaOH > Ba > Ca > Al. 

The pH of the A1CU solutions is very low. The hydrolysis of this salt 
would result in the liberation of a strong acid and a very weak base. It is 
then possible that it is the HC1 which is adsorbed and not the molecule of the 
salt. The pH of the chlorides of calcium and barium is much higher, and 
adsorption does not begin until the solutions are comparatively concentrated. 
The hydrolysis of NaCl would result in the liberation of an equally strong 
base and acid, and as demonstrated by the curves, NaCl is least adsorbed by 
kaolin. It is unfortunate that pH determinations were not sufficiently 
accurate to indicate consistently the adsorption of the acid. Interpreted in 
this way, however, adsorption results are in accord with the work of Miller 
(19). In working with sugar charcoal, he comes to the conclusion that strong 
inorganic bases are “negatively adsorbed” and that adsorption from solutions 
of some salts is exclusively hydrolytic in nature, whereas from others, it is 
partially hydrolytic and partially molecular. Such conclusions are in accord 
with the theorem of Gibbs, that substances lowering the surface tension of 
a liquid are positively adsorbed at an interface, whereas those raising the 
surface tension tend to keep from the surface. This “negative adsorption” 
effect does not increase with the concentration. HC1 decreases the surface 
tension of water whereas the other electrolytes used increase it. The work 
of Miller seems sufficient to explain the curves of figures 2 and 3. 
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In this regard, it is suggested that the theories of Harkins (7) together with 
the fixation effects of Langmuir’s (11, 12, 13) secondary or residual valencies 
furnish some explanation of the phenomena of adsorption by kaolin. How¬ 
ever, the data here presented are not sufficient to test their applicability. 

From the above discussion, it would seem that adsorption is a function of pH 
and, as Loeb (14) has pointed out in his work on gelatine, when the pH is kept 
constant, there is no Hofmeister series. That his observations do not apply 
in the case of kaolin is apparent from figures 1 and 4. There can be no corre¬ 
lation between pH and flocculation when the curve for HC1 is compared with 
any of the others, the flocculating tendency is the same, but the degree is 
vastly different. In the migration of the particles, neither the degrees nor 
the tendencies are similar. 

There can be little question that each ion has its own specific effect on the 
particles with regard to degree of flocculation or deflocculation. That this 
affect is produced in the most dilute solution used is demonstrated by the 
curves of figure 1, despite the fact that the electrolytes used (HC1 excepted) 
are “negatively adsorbed” at those concentrations. 

The writer knows of no explanation that can adequately account for the 
phenomena described and only ventures the suggestion that Gibbs’ Theorem 
is operative as described by Harkins and Miller, and that the effects of specific 
ions are due to their fixation to a greater or less extent at the surface because 
of the secondary of residual valencies described by Langmuir. 

Figures 2 and 3 show conclusively that in the salt concentrations found in 
the soil, that is, concentrations of less than 0.003 If, the essential ions are not 
adsorbed by the particles of kaolin. At least, if any adsorption occurs at 
these concentrations, it is a negligible quantity. As Bouyoucos (2) has 
pointed out, this fact is opposed to the prevalent notion. He states in part, 

experimental evidence .... proved the opposite view, namely, the solution around the 
soil particles and in the very fine capillary spaces is less concentrated than the mass of the 
solution. All experimental evidence obtained is overwhelmingly in favor of this view. 

SOLUBLE AND AVAILABLE ALUMINUM IN THE SOIL 

From the data presented, it is clear that particles of clay are in a partially 
defiocculated condition at neutral pH and are progressively deflocculated as 
the pH increases. This statement is believed to apply only to soils with a 
high clay content. This is the only conclusion tenable in view of the suc¬ 
cessive solubilities of the mono-, di-, and tri-valent bases with decreasing pH. 
Another way of stating the condition, is that the soil is progressively flocked 
with increase in acidity. This flocculation, as before pointed out, is not due 
to the H-ion but rather to the ions brought into the soil solution as a result of 
the increasing acidity. It follows then that aluminum and iron are present 
in the soil solution in an easily soluble form in significant quantities at pH 
below 5.00. 
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In an effort to demonstrate that aluminum was present in significant quanti¬ 
ties in solution at pH of from 4 to 5, the following experiment was performed. 

Stock solutions were prepared and determined and the following nutrient 
solutions were made by dilution: 


Ca (NO*) 2 .0.016 and 0.008 M 

MgS0 4 . 0.008 and 0.004 M 

H,P0 4 . 0.02 and 0.01 M 

A1 2 (S0 4 ),. 0.002 and 0.001 M 


To change the pH, a liter of the above nutrient was titrated with standard 
KOH. The curves are of exactly the same type as Clark (4) found in the 
titration of H3PO4 with normal KOH. The greatest value of the tangent 
is reached between pH 3.8 and 5.2. The exact amount of A1 added per liter 
being known, analyses were made to determine the amount precipitated at 
various acidities. Insofar as no Fe was added, A1 determinations could be 
made directly after separating off the Mg and Ca. To lose as little A1 as 


table 2 

Effect of dilution on Al solubility 


pH OF NUTRIENT 

Al IN SOLUTION 

2 X concentration 

X concentration 


fi.fi.m. 

p.p.m. 

4.35 

6 0 

6.5 

4.53 

3.7 

4.0 

4.70 

2 3 

2.1 

4.85 

0 9 


5.42 

1.1 



possible, the volumes were kept down to less than 75 cc. and precipitates were 
washed with as little water as possible, tests being made for Ca and Mg con¬ 
stantly. The pH of the precipitating reactions were kept below 7.0. 

Analyses of the precipitate formed showed in both series practically the 
same amount of Al in solution. From table 2 it may be seen that dilution 
has no apparent affect on Al solubility. 

The Al in solution could not possibly have any effect on the soil or kaolin 
particles with regard to their flocculation. Even if the method of analysis 
employed is assumed to give 100 per cent error, the quantities of Al in solution 
could cause no flocculation of the kaolin. 

A search for the reason brought to light several articles that had been 
overlooked. A comparison of the determinations made by Magisted (15) 
for Al present in solution indicates that the quantity of soluble Al in solution 
is a function not only of pH but of PO4 as well. Crone's nutrient, high in 
phosphoric acid, renders Al more insoluble, whereas the nutrient of Hartwell 
and Peffiber with only a small molar concentration of phosphoric acid equiva- 
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lent, increases the solubility of A1 over that found in the nutrient reported in 
this paper. 

Whether this view is the correct one can only be determined by further 
work. However, the experiments of Mirasol (20) indicate that this opinion 
is true. He found that the addition of acid phosphate reduced the toxicity 
of A1 to plants and that the decrease in toxicity depended on the rate of acid 
phosphate application. Hartwell and Pember (8) observed that the amount 
of active A1 is decreased by the increase of acid phosphate application despite 
the increase in the acidity of the soil so treated. From the determinations 
of Burgess (3) and Mirasol it seems that aluminum is present in the soil at 
low pH, not as the phosphate (unless phosphate was added) but as the nitrate, 
sulfate, or chloride. From their data it also seems that the quantities present 
depend on the nature and antecedents of the soil. 

In order to obtain some estimation of the quantity of aluminum and iron 
present in the solution of the soil before reported upon (22) in connection 
with the formation of hardpan, the method employed by Blair and Prince (1) 


TABLE 3 

Analysis of 1 liter water extract from four soil samples 


SOIL SAMPLE 

pH 

COMBINED ALUMINUM AND IKON 



fi.p.m. 

1 

4.5 

52 

2 

4.75 

45 

3 

5.0 

5 

4 

5.2 

12 


was used. Table 3 shows the results obtained by the analysis of 1 liter of 
the water extract obtained from 5 kgm. of four soil samples. 

Two samples were taken from the southern part of the area in which hard- 
pan was found, the pH being 4.5 and 4.75; and two samples were taken from 
the part of the area where hardpan was not found, the acidities being 5.0 pH 
and 5.2 pH. 

The southern part of this area is greatly affected by quantities of smoke 
from neighboring factories and railroads. 

This is believed to be the proof needed to support the theory of hardpan 
formation to be advanced. A comparison with the results of Blair and Prince 
show these values to be considerably higher than they obtained. Further¬ 
more, soils 3 and 4 do not fall on a theoretical curve that can easily be imagined. 
It is probable that this is because of different quantities of phosphate present 
in those soils. 

A THEORY FOR THE FORMATION OF HARDPAN IN ACID CLAY SOILS 

The theories advanced relative to the formation of such hardpans have 
been based almost entirely upon the mechanical behavior of the soil parti- 
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cles—surface drying, precipitation of various cations because of supersatura¬ 
tion, the carrying down of small particles, and so on. These factors 
undoubtedly play a part, but in themselves are not sufficiently in accord with 
the facts observed in the case. Some years ago Warington (26) observed: 

Hydrated ferric oxide is another colloid substance which in sandy soils undoubtedly plays 
the part of a cementing agent. In rocks and soils of the Red Sandstone formations, its in¬ 
fluence is plainly marked. Perhaps, however, the most obvious example of the cementing 


action of ferric oxide is afforded by the formation of iron-pan in Moor soils.The iron 

has been dissolved out of the surface soil by the action of humic acids .... passes in 


solution into the subsoil where is it precipitated, with the result that the sand at a certain 
depth is cemented together and an iron-stone produced. 

Warington had little evidence in support of this view other than observation 
and did not mention that the same phenomena could obtain in clays as well. 
The evidence presented here supports his view and attempts to explain just 
how that layer comes into being. 

It has been shown in the weak concentrations found in the soil solution 
that the essential salts necessary for plant growth are kept away from the 
surface of the clay fraction. This is in accord with the Second Law of Thermo¬ 
dynamics and the Theorem of Willard Gibbs. That the effects of the various 
cations in these concentrations, despite apparent non-adsorption, is evident 
has also been shown. The explanation suggested is that the residual valencies 
induce a weak chemical attraction such as Langmuir pointed out. HC1 is 
greatly adsorbed by kaolin and according to Miller, this applies to other acids 
in the case of sugar charcoal. As shown in final volume of sediment curves, 
both HC1 and Na^SOi greatly deflocculate kaolin as compared to water. The 
tri-valent citrate ion is still more efficient in this regard. That mineral acids 
are present in the soil has been demonstrated by many workers. 

Na and K are soluble at the lower acidities. As the pH decreases, calcium 
and magnesium are leached from the soil solution. This loss results in a 
further decrease in the pH which brings into the soil solution ion and alumi¬ 
num. From the data presented, it is evident that at the lower pH, iron and 
aluminum do not generally exist as the phosphates in which condition they 
are insoluble. Rather they are present as chlorides, nitrates, or sulfates. 

The hardpan observed and previously reported upon indicated that the 
first cause in its formation was the deposition of SO* blown by the prevailing 
winds across the area from factories and railroads. The closer to the rail¬ 
roads and factories, the more prevalent and well defined was the hardpan. 
It is reasonable to suppose that the decreased pH was due to the formation of 
sulfuric acid. 

With regard to the clay fraction, deflocculation prevails at the higher pH 
because of the high molarity of the soil solution m salts that can dissociate 
clay aggregates. Undissociated particles are constantly being washed down 
by gravitational water and are deposited at various depths, depending on the 
mechanical condition of the soil. Attending this phenomena is the fall in 
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pH, and the pH increases with the depth of the soil. Kelly (10) has shown 
that the lowest pH is generally at a depth of five or six inches from the surface. 
Thus the surface soil will lose sodium and potassium, and latterly, magnesium 
and calcium to the soil at greater depths. The result is that the clay particles 
are carried farther and farther down because of deflocculation. 

When the acidity at the surface is sufficient to bring into the soil solution 
aluminum and iron, the formation of a hardpan layer begins. This pH is 
something less than 5.0, but may be slightly higher depending possibly on the 
phosphates present. 

The iron and aluminum in dilute solutions are not adsorbed by the clay 
and so in the soil solution are carried down and with the decrease in acidity are 
deposited farther from the surface. The progressively decreasing pH results 
in more and more iron and aluminum being brought into the solution until 
sufficient quantities are present to cause the flocculation of the collected 
dispersed clay particles at some depth, depending on the pH. 

The aggregated clay particles cause the formation of a tight layer very 
slowly permeable to water. When this layer has dried out, aluminum and 
iron are deposited around the aggregates as the oxides, mechanically binding 
the entire mass together and effectively preventing the passage of water. 

The analyses of the soil, where the hardpan was found, for combined alumi¬ 
num and iron show that there is the equivalent of approximately .0015 M 
A1C1 3 present. Figure 1 shows that considerably less than this concentration 
brings about the maximum flocculation of kaolin and also that at about this 
concentration aluminum is adsorbed. At the part of the same area of ground 
where no hardpan was found, the equivalent of less than 0.00004 M AICI3 was 
analyzed. 

These figures may also be interpreted as indicating the toxic properties 
of soluble aluminum. 


SUMMARY 

Kaolin being used as criteria for all clays, determinations have been made 
on the degree of turbidity of a supernatant solution, on the final volume of 
the sedimented kaolin when treated with various solutions, on the conductivity 
of solutions for adsorption data, and on the sign and intensity of the charge 
on the particles. These experiments are preliminary and the data are only 
presented for their comparative value. 

Several concentrations of HC1, NaOH, NaCl, Na 2 SC> 4 , C 3 H 6 (COONa)*, 
BaCh, CaCb, AICI3, sucrose, and urea were used. 

Different concentrations of the same electrolyte affect turbidities to a 
marked extent. A1 clears the supernatant liquid in dilute solutions imme¬ 
diately after shaking, whereas the citrate and sulfate ions stabilize the 
suspension. 

There is some correlation between turbidities and the final volumes of 
sediment. The most turbid solutions generally decrease the final volumes of 



EFFECTS OF SOME ELECTROLYTES ON KAOLIN 


241 


the kaolin to a marked extent, whereas nearly all the solutions of A1 greatly 
increase the final volume. 

Sucrose and urea have no affect on the kaolin whatever. 

Of the ions used, A1 and Na alone cause flocculation. 

HC1 is adsorbed at all dilutions to a great extent. 

No other electrolyte used was adsorbed by the kaolin in the more dilute 
solutions. 

A “negative adsorption” sequence is obtained: NaCl, NaOH > BaCl 2 > 
CaCl 2 > AICb. 

In concentrated solutions Al, HC1, and Ca and Ba reverse the sign of the 
charge on the particles most efficiently in the order given. 

The degree of flocculation is apparently independent of the intensity of the 
charge on the particles. 

Evidence is presented in support of the view that adsorption is not a func¬ 
tion of pH in clays. 

From the findings it seems that the amount of Al in a soluble form in the 
soil moisture depends on the amount of phosphate present in that soil as well 
as on the pH. That is, a great decrease in either may result only in a slight 
increase in the amount of Al present; a slight decrease in both will cause a 
great increase in the amount of Al and Fe in solution. 

A theory is advanced to account for the formation of hardpan in acid clay 
soils. 
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While various studies on the heat of wetting of soils with water (1), were 
being conducted, the idea was suggested of investigating also the heat of 
reaction between soils and various chemical compounds. Accordingly, a 
series of studies was undertaken to ascertain whether there was any heat of 
reaction between various soils and different chemical compounds, and if so, 
measure the magnitude of this heat of reaction. Salts and hydroxides were 
employed. It was found that there was no measurable heat of reaction 
between the soils and salts, but that there was with the hydroxides, especially 
KOH and NaOH. A rather extensive study was then made of the heat of 
reaction of various soils with these hydroxides. In addition to the soils, 
soil colloids and artificial gels of silica, alumina, and iron were also used for 
purposes of comparison. The results obtained showed that whereas all the 
soils and soil colloids gave a considerable heat of reaction with the hydroxides, 
some of the artificial gels, especially silica, gave, in comparison, an enormous 
heat of reaction with the same hydroxides. For instance, the heat of reaction 
between silica gel and 3 N KOH was 146.7 calories per gram of material, 
whereas the highest value obtained in soils or colloids, excepting organic 
matter, was only 6.5 calories per gram. This is certainly an enormous differ¬ 
ence, and raises many questions as to the similarity or dissimilarity in the 
physical and chemical characteristics of the gels of silica, alumina, and iron 
as they exist in the soil colloids and in the artificial state. It is the object 
of this paper, therefore, to present the data which show in detail the differ¬ 
ences in the heat of reaction between soils, soil colloids, and artificial gels, with 
hydroxides. 

PROCEDURE 

The procedure followed in measuring the heat of reaction of materials in 
hydroxides, was essentially the same as that employed in determining the 
heat of wetting of soils with water, described in previous communications (1). 

The total heat generated by the materials in the hydroxides included both 
the phenomenon of heat of wetting, and the heat of reaction. To obtain the 
latter, therefore, the heat of wetting with water was also determined and sub¬ 
tracted from the total for each respective material. 
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Four different hydroxides with various concentrations were tried, but the 
results of 3 N KOH and 3 N NaOH only will be given here. 

EXPERIMENTAL DATA 

In table 1 are presented the data on the heat of reaction of various types 
of soil, different soil colloids and artificial silica gel, alumina gel, and iron 
hydroxide. 1 For purposes of comparison, the heat of wetting of each material 
is also shown. 


TABLE 1 

Heat of welting with water and heat of reaction with KOH and NaOH of soils 
and artificial gels 


MATERIALS 

HEAT OF 
WETTING WITH 
WATER 

HEAT OF 
REACTION WITH 

KOH 

HEAT OF 
REACTION WITH 

NaOH 


calories per gram 

calories per gram 

calories per gram 

Freno fine sandy loam. 

1 12 

0.17 


Amarillo fine sandy loam. 

4.97 

0 43 


Rhode Island sandy loam. 

2 62 

5.29 

4.21 

Ohio silt loam. 

2.109 

1.15 

1.12 

Tennessee silt loan. 

2.45 

2 48 

1.62 

Pennsylvania silt loam. 

2.81 

1 58 

1.48 

Michigan silt loam. 

3.00 

3 29 

2.45 

Michigan silt loam. 

1.55 

1 91 

1.81 

Chester loam... 

2.39 

1.11 

0.95 

Michigan Clay loam. 

4 98 

3 72 

2.52 

Illinois Urbana Clay loam. 

4.00 

3.92 

2.18 

California Yolo clay. 

6 52 

3.52 

1.94 

Red clay—calcareous.... 

2.81 

2.01 

1.12 

Clay—calcareous. 

4 00 

1.65 

1.01 

Ontonagon silt loam A!. 

3 94 

5 09 

3.76 

Ontonagon silt loam A 2 . 

4 23 

5.74 

4.23 

Ontonagon clay Bi. 

6.50 

4 26 

2.28 

Colloids from Ontonagon silt loam A 2 . 

7.51 

5.89 


Colloids from Ontonagon Clay Bi. 

9.12 

4.62 


Colloids from Illinois Urbana clay loam. 

8.48 

4.21 


Colloids from California Yolo clay. 

11.02 

4.02 


Muck... 

29.50 

25 82 

20.14 

Ferric hydroxide gel... 

9.390 

13.65 


Alumina gel. 

21.95 

61.23 


Silica gel. 

24.50 

146.70 



The data in table 1 reveal many significant and interesting things. In the 
first place it is readily seen that all the materials employed gave a heat of 
reaction both with KOH and NaOH and that the magnitude of this heat of 
reaction varies tremendously with the different materials, especially between 
the soils and soil colloids, and the artificial gels. The magnitude of the heat of 

1 These three gels were kindly furnished by the Chemical Warfare Service. 
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reaction with KOH—in which the data are more complete—varies in the case 
of soils, from 0.17 calories in Freno fine sandy loam, to 5.74 in Ontonagon silt 
loam A 2 horizon, to 28.50 in muck. In the case of soil colloids, it ranges from 
4.02 calories in California Yolo clay to 5.89 in Ontonagon silt loam A 2 horizon. 
In the case of the artificial gels, it is 13.65 calories for ferric hydroxide gel, 
61.23 for alumina gel, and 146.70 for silica gel. The differences between the 
figures for artificial gels and soils and even for the colloids, are certainly very 
great. The rather surprising thing is that the soil colloids gave no greater 
heat of reaction than the soils from which they were extracted. As will be 
seen the amounts are about the same in both cases. 

The heat of reaction with both the KOH and NaOH does not vary in any 
constant manner in the different soils. Since muck gave a very great heat 
of reaction, it would logically seem that soils containing a high content of 
organic matter would give a correspondingly high value of heat of reaction. 
Such would seem to be the case, as in Rhode Island sandy loam and Urbana 
clay loam, but there are some cases in which the heat of reaction is compara¬ 
tively high, but which contain hardly any organic matter. For instance, 
Ontonagon Bi horizon contains practically no organic matter and yet it gives 
a greater heat of reaction than the majority of the soils investigated. The 
possible reason for these differences will be discussed. 

NaOH gave a lesser heat of reaction than KOH with every material 
employed. The values are also irregular in the different soils. 

A comparison next, of the heat of wetting with water with the heat of 
reaction with the hydroxides in the respective materials, shows that, with the 
exception of one case in the soils and one case in the soil colloids, the heat of 
wetting is greater than the heat of reaction with either KOH or NaOH, and 
that in many cases the differences in favor of the heat of wetting, are appreci¬ 
able. For instance, the heat of wetting of Amarillo fine sandy loam is 4.97 
calories, whereas its heat of reaction with KOH is only 0.43 calories. In 
Yolo clay, the heat of wetting is 6.52 calories, whereas its heat of reaction with 
KOH is 3.52 calories. In muck the heat of wetting is about the same as the 
heat of reaction with KOH, but much higher than that with NaOH. In the 
case of the artificial gels, however, the heat of reaction with KOH is far greater 
than the heat of wetting, especially in the case of the alumina and silica gels. 

Again, a comparison of the heat of reaction between the soil colloids and 
the artificial gels, raise the question: Why should the heat of reaction in the 
soil colloids not be as great as that in the artificial gels, since, the chief con¬ 
stituents of the soil colloids consist of iron, alumina, and silica? The recent 
work of Robinson and Holmes (2), which contains the chemcial analysis of a 
large number of colloids representing diverse types of soils throughout the 
United States, shows that the soil colloids are composed mainly of silica, 
alumina, and iron oxide, and that the silica may vary from 31.84 to 55.44 
per cent, the alumina from 16.42 to 38.28 per cent, and the iron oxide from 
4.66 to 16.67 per cent. If the silica, alumina and iron in the soil colloids were 
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in the same chemical and physical constitution, it would logically seem that 
they would react the same as in the artificial state. The fact that they do 
not react the same with the hydroxides, indicates that they are probably not 
of the same constitution. This heat of reaction could be caused by any one 
or by all of the following factors: (a) solution, (b) neutralization, (c) adsorb- 
tion. The second and third factors could be of predominant importance, 
but in the present instance, they are negligible. It is the first factor that 
seems to be the main, if not the sole, cause of the heat of reaction manifested 
in the different materials with hydroxides. For instance, in the case of the 
artificial silica gel and the muck, which give the greatest amount of heat of 
reaction, it is actually seen that the materials have been dissolved and are in 
solution. This is especially true in the case of silica gel. It would seem, 
therefore, that the larger the amount of material dissolved, the greater will 
be the heat of reaction. The silica, alumina, and iron are apparently not of 
the same constitution in the soil colloids as in the artificial state, and cannot 
be dissolved as readily, and consequently their heat of reaction is less. Hence, 
this seems to be another evidence that the constitution, at least the physical 
constitution, of the soil colloids, is not the same as that of similar materials 
in the artificial state. 

The differences in the heat of reaction obtained in the various soils could 
be explained, therefore, on the basis that different amounts of silica, alumina, 
iron, and organic matter are dissolved in the various soils. 

It is of interest to note here that the heat of wetting gives values which are 
quite close to those of the artificial gels. For instance, in a former communi¬ 
cation (1), it was shown that many soil colloids gave a heat of wetting as 
high as 16.192 calories (California adobe clay) as compared with 24.5 calories 
in silica gel. From the results with heat of wetting, it would seem that the 
silica, alumina, and iron gels in the soil colloids were very similar, but the 
results with the heat of reaction makes them appear radically different. 

SUMMARY 

When soils, soil colloids, and artificial gels of silica, alumina, and iron are 
treated with KOH and NaOH, heat is generated. This is the heat of reaction, 
which is in addition to that of heat of wetting. 

The amount of heat of reaction in soils and soil colloids is rather small, 
whereas that in the artificial gels is comparatively tremendously high. In 
the mineral soils and soil colloids, it varies with KOH from 0.17 to 5.89 calories 
per gram of material; whereas in muck, it is 29.50 calories; in ferric hydroxide 
gel, 13.65; in alumina gel, 61.23; and in silica gel, 146.70. Apparently the 
difference in the heat of reaction between the artificial gels and the soil col¬ 
loids is very great. 

This heat of reaction seems to be due mainly to the dissolving effect of the 
hydroxides upon the materials. It is actually seen that ail the artificial 
silica gel goes into solution. 
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Considering that the soil colloids are composed chiefly of the same gel 
constituents employed in this investigation; namely, silica, alumina, and 
iron, and yet they gave a very small amount of heat of reaction as compared 
with that of the artificial gels, it becomes evident that the silica, alumina, and 
iron in the soil colloids probably do not have the same constituents as in the 
artificial state. These results may be considered as additional evidence that 
the gels in the soil colloids are not be in the same condition as in the artificial 
state. 

On the other hand, the heat of wetting values, as shown in previous works, 
does not show the soil colloids and artificial gels to be radically different. 
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BOOK REVIEW 1 


Plant Nutrition and Crop Production . By E. J. Russell, University of 
California Press, Berkeley, 1926. ix + 115 pp., 37 fig., 21 pi. 

This little volume consists of a series of lectures delivered in 1924 under 
the auspices of the Hitchcock foundation at the University of California, by 
the eminent scholar Sir John Russell, Director of the Rothamsted Experiment 
Station at Harpenden, England. 

These lectures are a valuable addition to the efforts of the workers in scien¬ 
tific agriculture to elucidate the complex problems of plant environmental 
relationships in the light of our modem knowledge of chemistry and physiology. 
The title of the volume, “Plant Nutrition and Crop Production,” may well 
be amplified by “a scientific inventory of the complex plant-soil system,” for 
indeed it is a successful attempt to bring together the achievements of the 
scientific workers in the realm of agricultural sciences in establishing the 
fundamental relationships between plants and their environment. 

A superficial examination of these lectures may mislead one into considering 
them a digest of the author’s monograph, “Soil Conditions and Plant Growth.” 
Although there is of necessity some repetitions, the subject under considera¬ 
tion is amplified with the most recent contributions of the rapidly growing 
knowledge of the physico-chemical and biological laws governing plant-soil 
reactions and behavior. 

The first chapter—“The Study of Plant Nutrients”—deals primarily with 
the historical development of our knowledge of the “sources from which plants 
derive their substances.” A skilful, short review of the earliest ideas on the 
subject ushers us in into the nineteenth century with an analysis of the con¬ 
tributions of de Saussure and Boussingault; these are followed by a critical 
review of the “turning point in the history of agricultural science,” the re¬ 
searches of Liebig. Next come the classical experiments of the Rothamsted 
workers, the dawn of the fertilizer industry and practice and the principle 
involved. This leads the author to review briefly the fertilizer industry and 
the important fertilizer investigations in Europe and in the United States. 

In the second chapter—“Positive Science and Exact Demonstration”—the 
author discusses the Mitscherlich logarithmic curve, which expresses the basic 
assumption that “the increased yield produced by increments of a nutrient 
is proportional to the decrement below the maximum producible if the nutrients 
were present in excess.” He also presents some of the statistical data of 
Fisher from the Rothamsted Station “in an attempt to give quantitative 

1 This review was prepared by J. S. Joffe, of the New Jersey Agricultural Experiment 
Station. 


249 



250 


BOOK REVIEW 


expression to the facts of plant nutrition and growth.’’ The timely subject, 
the rdle of farmyard manure in agriculture, is also interestingly discussed in 
the second chapter. The author seems to lean toward the view that organic 
matter cannot be replaced entirely by artificial manures. He is inclined to 
believe that the organics have a specific function outside of their value as 
improvers of tilth and moisture-holding capacity. This theory, which finds 
support in the experiments of Bottomley, is that organics possess a certain 
positive effect on plant growth which cannot be produced by artificial nutrients. 

The third chapter—“Decay and the Living Plant”—is a discussion of the 
transformation of organic matter and of the nitrogen cycle. It takes up the 
r61e of specialized groups of microorganisms in the decomposition process of 
organic matter, the energy relationships and the carbon nitrogen ratio. The 
author attributes the direct microscopic method to Winogradsky, omitting 
the earlier work of Conn from the Geneva Station, United States, to whom 
Winogradsky gives due credit. 

The last part of this chapter is a preamble to the fourth chapter—“The 
Soil Microorganisms; Can They be Controlled and Utilized?” This is. a 
discussion of the methods used in controlling the various functions of the soil 
flora. The subject of soil inoculation, of course, is dealt with. A good share 
of this chapter is devoted to a discussion of the process, developed at the 
Rothamsted Station, of making manure from straw and other organic waste 
products by the addition of proper nutrients and by maintaining favorable 
conditions for the activities of microorganisms. The author did not discuss 
fully the subject of the soil population, but such omissions, as for instance 
autotrophy in soils, are probably a result of time limitations. 

In the concluding chapter—“The Soil and the Living Plant”—Russell 
skims over the process of soil formation. He recognizes three divisions: first, 
the lateritic and silicate soils; second, the one that is determined by the pres¬ 
ence or absence of calcium; third, that depending on the fate of the organic 
matter. A considerable discussion of soil colloids and base exchange is given. 

The study of the soil complexes is one of the most fascinating problems for the future. 
The present investigations on basic exchange may reveal a good deal, but there are even 
greater hopes from the application of physical methods. It is possible that the use of X-rays, 
might teach us as much about the structure of soils as in the hands of Sir William Bragg and 
his son they have taught about the structure of crystals. 

There is also a brief discussion of soil moisture and gases in relation to plant 
growth. 

A series of graphs, charts, and plates illustrate the points brought out in 
the subject matter. 



A RESEARCH PROFESSORSHIP IN FOREST SOILS AT CORNELL 

UNIVERSITY 

A gift of $130,000 for the endowment of a research professorship in forest 
soils in Cornell University has been announced by President Livingston Far- 
rand, who said that the Charles Lathrop Pack Forestry Trust, founded by 
Mr. Charles Lathrop Pack, President of the American Tree Association, in 
addition to endowing the chair, had made a further generous provision of 
funds for the operating expenses of the advanced line of investigation to be 
undertaken. 

The work will be done in the New York State College of Agriculture, and the 
appointment of the professor will be announced shortly, President Farrand 
said. The chair will be named for Mr. Pack. 

“In the northeastern hardwood area, extending over the Middle Atlantic 
States and as far west as Indiana and Illinois, the question of proper forest 
care and operation depends very largely upon a study of soil conditions, and 
practically no data on forest soils are at present available,” President Far¬ 
rand said. “The proposed line of investigation is a new development in for¬ 
est research in this country. It will undertake to coordinate studies in several 
fields of science and apply what is learned to the special soil problems in¬ 
volved in the business of growing healthy forests. 

“This research will necessarily deal with the chemistry and biology of soils. 
It will naturally have intimate relation with the field of heredity in tree growth, 
particularly as it should help to solve problems of adapting certain varieties 
of trees to given soils. And it will similarly have a bearing on the field of plant 
pathology, because of the relation that soil conditions bear to diseases of 
trees. 

“Many of the timber grower’s problems are complex. Their solution 
must be looked for in several fields, including these interrelated fields of soils, 
genetics, and forest pathology. 

“This is the first time that such a comprehensive research on forest soils 
has been systematically undertaken in this country. The comprehensive 
study of forest soils is a new line of research everywhere, and the only spe¬ 
cialized workers in it are a few scientists in Sweden, Russia, Finland, and Ger¬ 
many. Although the work to be done under Mr. Pack’s endowment will 
deal directly with American forest problems, its results will have international 
interest and general scientific value.” 
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ON THE EXISTENCE OF DAILY CHANGES IN THE BACTERIAL 
NUMBERS IN AMERICAN SOIL 

H. G. THORNTON and R. A. FISHER 
Rothamstcd Experimental Station 
Received for publication May 6, 1926 

The changing numbers of the various groups of microorganisms in a field 
soil must be a factor of vital importance to a proper understanding of the rela¬ 
tionship of these organisms to their environment. 11 has long been known that 
the bacterial numbers are subject to seasonal changes. The numbers found at 
daily intervals has been studied recently by Cutler, Crump, and Sandon (2) 
at Rothamsted. These investigators found that in samples of soil taken at 
daily intervals from a plot on Barnfield, the bacterial counts obtained by the 
plate method showed striking variations from day to day. Before attributing 
these variations to true increases or decreases in the bacterial population 
counted, two possible sources of error must be considered. 

In the first place there is a necessary experimental error in making the 
counts. In the work referred to, the platings were made by different workers, 
but in tests that were conducted, no variation in the technique could be de¬ 
tected, the factor limiting the accuracy of the counts being in nearly all cases 
the random distribution of the bacteria in the diluted suspension (4). This 
factor, which is calculable, was wholly insufficient to account for the fluctua¬ 
tions. The second source of error arises from the fact that samples taken at 
daily intervals are also taken at intervals in space, so that before the results are 
attributed to changes in bacterial numbers over a period of time, the possibility 
that they represent uneven distribution of the bacterial population in space 
must be excluded. This was done (2) by taking, on three occasions, 4 simulta¬ 
neous samples from different parts of the plot. The counts obtained were in 
no case significantly different among the 4 samples. Furthermore, for 15 
consecutive days, duplicate samples were taken 6 yards apart and the similar 
fluctuations in bacterial numbers were found in the duplicate series (2, p. 338). 
This rules out the possibility of accounting for the fluctuations found in Barn- 
field as being due to uneven distribution of the bacteria over the plot. Similar 
daily fluctuations in bacterial counts were found on Broadbalk (1) but there 
was no evidence as to whether the phenomenon was a general one occurring 
in other districts and under different soil conditions. 

Recently, however, an important series of daily bacterial counts has been 
made at Washington, D.C., by Smith and Worden (6), who found fluctuations 
in the count from day to day. In this experiment, the plot selected was on a 
lawn, the sod of which was removed and the soil dug over. 
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The conditions were thus very different from those in the Rothamsted ex¬ 
periments. The method of sampling was also different, each count being 
made from a single core, instead of from a composite sample of 6 cores mixed 
together. Each day, however, the authors took 2 samples some distance 
apart and made separate counts from each, so that the influence on the results 
of the uneven distribution of the bacteria can be checked to some extent by 
comparing the variation in bacterial numbers between the 2 simultaneous 
samples with the difference found on consecutive days. The authors, on mak¬ 
ing such a comparison, concluded that the variation between simultaneous 
samples was greater than the fluctuations in the count from one day to the 
next. Their method of making this comparison is not valid, however, since 
they have compared the differences between individual simultaneous samples 
with day to day changes in the mean of 2 samples. Moreover, in sampling 
the plot, consecutive daily samples were taken from cores only 1 foot apart, 
whereas the 2 samples taken the same day were from spots several feet distant. 

From the authors’ data it is possible to make a decisive test of the reality 
of day to day changes in this particular set of counts, for if the whole 
of the variation observed in successive counts were due either to local differ¬ 
ences or to the errors of random sampling, the two samples taken on the same 
day should show no positive correlation; indeed, since the simultaneous samples 
were taken from spots further apart than would be pairs chosen at random, 
a slight negative correlation should be anticipated. On the other hand, general 
changes in the bacterial numbers, affecting the whole plot, will tend to produce 
a positive correlation between simultaneous samples. If such a significant 
positive correlation between simultaneous samples exists, it excludes the pos¬ 
sibility of the fluctuating bacterial counts being entirely due to uneven distri¬ 
bution of the bacteria. The authors 1 data are the more valuable because counts 
were made on 3 different media, namely, Lohnis’ soil extract agar (5), Waks- 
man’s egg albumen agar (8), and Thornton’s mineral salts agar (7). The 
counts on the first of these media from 32 pairs of samples taken between 
August 13 and September 19, show a positive correlation between simultaneous 
samples of +0.4955. The egg albumen agar was used for only 19 pairs of 
simultaneous samples taken between August 28 and September 19, which show 
a positive correlation of +0.5673. These two correlations must each be judged 
undoubtedly significant (3, p. 174). The mineral salts media was similar to that 
employed by Cutler, Crump, and Sandon for the Barnfield counts, though the 
temperature and period of incubation were different from those used at Roth¬ 
amsted. The results obtained on this medium are thus more nearly com¬ 
parable with the Barnfield counts. On it the 32 pairs of simultaneous counts 
obtained show a positive correlation of +0.7744. The probability against 
this occurring if the count differences were due to soil sample variation is about 
a million to one. Figures 1, 2, and 3 show the correlation between simultane¬ 
ous samples on the three media. The existence of this correlation proves 
that the daily changes in the counts cannot be ascribed merely to uneven dis¬ 
tribution of the bacteria within the area sampled. 
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The correlations slated above do not exclude the effect of slow changes in the 
bacterial numbers from the beginning to the end of the observations, changes 
to which Smith and Worden call attention, and which might perhaps properly 
be called seasonal. The authors have, therefore, recalculated the three 
values, eliminating a linear term representing the steady increase (or decrease) 
in the numbers (3, p. 171). The results show that the association between 
counts made on the same day is not to any large extent attributable to seasonal 
changes, but that there remain substantial and significant correlations when 



Fig. 1. Correlation between Simultaneous Samples [Plated on [Soil^[Extract Agar 

(Smith and Worden’s data) 


the seasonal effect is eliminated. For the soil extract medium the correlation 
is reduced to +0.3808, a value which would occur by chance not more than 
once in 20 trials. For the egg albumen medium the correlation has risen to 
+0.6615 and for the mineral salts agar it has fallen to +0.7060, both these 
values being of quite unquestionable significance. 

In speaking of the counts published by Smith and Worden as affording con¬ 
firmation in American soil of continual changes similar to those observed at 
Rothamsted, it should be stated that we have never lost sight of the fact that 
systematic variations from day to day in the manipulative technique might 
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in many ways simulate actual variations in the bacterial population. In the 
case of the work at Rothamsted, the particular observations upon which our 
conclusions are based, as well as the whole body of comparable routine ob¬ 
servations, have been so thoroughly tested and confirmed as to leave no resi¬ 
duum of doubt as to the objective reality of the phenomenon. Obviously, in 
the case of work done elsewhere, we have no such direct evidence of uniform 
technique and we can only demonstrate the existence of day to day variations 
of the same type as those observed at Rothamsted, without excluding the 



Fig. 2. Correlation between Simultaneous Samples Plated on Egg Albumen Agar 

(Smith and Worden’s data) 

possibility that variations in technique may have contributed to, or may be 
responsible for, the variations observed. 

It is interesting that the closest correlation between counts from simulta¬ 
neous samples was found when the mineral salts medium was used. If the 
counts obtained on this medium from individual cores be plotted separately 
(fig. 4) it is seen how similar are the changes in numbers in different regions of 
the plot. The fluctuations are more apparent on this medium than on either 
of the other media. The authors are probably right in attributing this to the 
selective action of the mineral salts medium. When using the plate method 
there is never any question of obtaining total bacterial counts, because no single 
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medium can possibly allow all physiological groups of the bacteria to develop. 
Consequently the comparative number of colonies that develop from a soil 
plating on a given medium is no criterion of the value of that medium for in¬ 
vestigation. On the other hand it is essential to a satisfactory technique that 



Fig. 3. Correlation between Simultaneous Samples Plated on Mineral Salts Agar 

(Smith and Worden’s data) 

the agreement between parallel plates should justify the assumptions upon 
which the dilution method is based, as can be tested by calculating x 2 (4), 
and this agreement has so far been demonstrated only with the mineral salts 
agar. The greater number of colonies that appeared on the soil extract- 
medium probably indicates, as is suggested by Smith and Worden, that it is a 
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less selective medium than the mineral salts agar. For this reason it is less 
appropriate to the present type of investigation. It is unlikely that the 
numbers of all groups of bacteria fluctuate simultaneously. Some groups will 
increase while others will diminish in numbers. Consequently a selective 
medium is best suited to the study of these fluctuations because it diminishes 
the chance that a fall in the numbers of one group will be obscured on the 
plate counts by the increase of another group. 

The work of Smith and Worden thus indicates that daily fluctuations in the 
state of the bacterial population which are similar in type to those already 
found at Rothamsted, exist in American soil, and also that the fluctua¬ 
tions occur under widely different soil conditions. There can be little doubt 
that the phenomenon is of general occurrence. It is possible, however, that 
only under exceptional conditions will the soil be sufficiently uniform to permit 
of its easy detection. 



Fig. 4. Daily Counts on Mineral Salts Medium 

Bacterial numbers from the duplicate samples separately plotted. (Smith and Worden’s 
data.) 


SUMMARY ANI) ABSTRACT 

The daily bacterial counts published by Smith and Worden show variations 
which cannot be explained by unequal distribution of bacteria in the soil, or 
by seasonal changes in bacterial numbers. 

On all three media employed by them, significant positive correlations in 
bacterial numbers between simultaneous samples were obtained. 

The similar daily fluctuations occurring in different parts of the plot show 
most clearly on Thornton's mineral salts medium. 

Provided the manipulative technique of Smith and Worden was sufficiently 
uniform, the results afford evidence of the existence, in very different con¬ 
ditions, of fluctuations in bacterial numbers similar to those observed at 
Rothamsted. 
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Because of the deep rooting habit of alfalfa, frequent references have been 
made to the withdrawal of nutrients from the lower horizons of the soil profile 
by this crop. Insofar as the writer is aware, however, no data have been pre¬ 
sented which prove that alfalfa actually does remove nutrients from this 
portion of the soil profile. 

Alway, McDole, and Rost (1) found that inoculated alfalfa grew on certain 
subsoils of eastern Nebraska almost as luxuriantly as on the surface soils. On 
the other hand Harmer (2) found only two out of seven subsoils from Minnesota 
capable of producing as good a growth of inoculated alfalfa as the corresponding 
surface soils. It should be noted that the conditions of both these experi¬ 
ments were such as to allow the surface roots to absorb the nutrients. 

In his excellent review of studies of the root habits of alfalfa, Weaver (6) 
points out that the nature of the root system is greatly modified by soil, 
climatic conditions, and height of water table. Carver (3) found that variety, 
frequency of cutting, and thickness of stand were potent factors in determining 
the nature of the root system. Weaver’s own observations show that on fairly 
porous upland soils of not too restricted rainfall, the tap root is the main 
feature and that laterals below the first foot or eighteen inches are compara¬ 
tively few and very short. Ten Eyck (5) on the other hand reports the major 
portion of the fibrous roots below the four-foot level. 

The studies here reported were undertaken with the purpose of obtaining 
some definite information as to whether alfalfa, under the conditions of the 
experiment, actually does remove nutrients from the subsoil and further, 
whether it is capable of doing so when nutrients are added to the lower soil 
horizon. 


METHOD OF PROCEDURE 

The best method of procedure was considered to be one by which the roots 
could be restricted from ramifying m the surface soil without otherwise dis¬ 
turbing the plant. Glass cylinders about two inches in diameter and eight 

1 Professor in Soils. 
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inches long, which could be slipped over the crowns of the smaller plants, 
seemed to offer the greatest possibility, for the following reasons: 

The amount of soil contained in the cylinder should offer minimum opportunity for nutrient 
absorption by the surface roots, especially since the water-retaining power of this small 
amount of soil would be so slight that it should be dried out very quickly after a rain. The 
glass walls of the cylinder would render impossible even the slightest trace of horizontal salt 
movement. The plants would thus be forced to rely on the nutrients which might be obtained 
through the lower portion of the root system, and the very small amount from the soil in the 
cylinders, or else draw on stored foods. The cylinder could be placed without any disturb¬ 
ance of the lower root systems. 

In the spring of 1923 when growth was starting, the soil to a depth of about 
nine inches was carefully removed from around a number of two-year-old 
alfalfa plants growing in Coloma loamy sand. Cylinders were carefully slipped 
over these plants, so as not to damage the shoots, and placed with their tops 
just below the bottom of the crowns of the plants. The soil was replaced 
around the cylinders and the cylinders themselves were filled with soil from a 
depth of about three feet in some cases and in others with surface soil. 

To determine whether nutrients added to the lower soil horizons would be 
absorbed and enhance plant growth, 500 cc. of Shive’s three-salt solution 
of double strength was added at depths of 18 inches and 36 inches respectively. 
The solution was delivered very close to the tap root through an iron pipe 
inserted to the proper depth in an auger hole. The nutrient solution was first 
applied early in the spring about the time growth started and the application 
was repeated after the first and second cuttings. For comparison other groups 
of plants, not fitted with glass cylinders, were treated with the solution at the 
same depths. Starting with the application after the second cutting in 1924 
the nutrient solution was made four times its usual strength, with the thought 
that possibly the quantities of salts in the double strength solution were not 
sufficient to induce a maximum response in the plants. 

The growth from each plant was cut with shears, air-dried, and weighed 
individually, so that a complete record of the performance of each plant, 
cutting by cutting for a period of three years is available, with the exception 
of the second cutting in 1923, which was accidentally destroyed by a farm 
hand. 

In 1924 examination showed that in some cases the roots had grown out 
around the bottom of the cylinders and had then turned upward and ramified 
in the surface soil (plate 1, fig. 1). This upward growth might be interpreted 
as indicating either a more plentiful supply of nutrients or water or possibly 
both in the surface soil than in the lower soil horizons. Roots which had so 
developed in the surface horizon were cut off. 

DISCUSSION OF RESULTS OF PRELIMINARY EXPERIMENTS 

Since these experiments were preliminary and included only a small number 
of plants under each treatment, it seems advisable to give only the general 
indications suggested by the results. 
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When the plants surrounded with cylinders containing surface soil are used 
as a basis of comparison and when each cutting is considered separately, the 
data indicate that during 1923 and 1924 nutrient solution applied at a depth 
of 18 inches stimulated quite markedly the growth of plants in cylinders filled 
with subsoil. By 1925, however, 50 per cent of the plants so treated had died 
and the growth of the others was inferior to that of plants in cylinders filled 
with subsoil but receiving no solution. 

Strangely, plants not surrounded by cylinders but receiving solution at a 
depth of 18 inches did not show as much effect from the application, during 
the later cuttings in 1923 and 1924, as those surrounded by cylinders and 
receiving solution at the same depth. More of these plants lived through the 
season of 1925 but their growth was no more satisfactory than that of the plants 
in cylinders. 

Addition of nutrient solution at a depth of 36 inches to plants in cylinders 
filled with subsoil resulted in an increased growth in 1923, but seemed to be 
of no special value to the crop in 1924. Because of the very poor condition of 
these plants no yields were taken in 1925. 

Plants not in cylinders but receiving nutrient at a depth of 36 inches showed 
less influence from the treatment during 1923 than those in cylinders and 
receiving solution at the same depth. The second cutting of 1924 showed a 
gain, but for the other cuttings there was no advantage. 

In general it may be said that inclosure in cylinders and the consequent ex¬ 
clusion of roots from the surface soil did not appear to be detrimental to 
alfalfa plants. On the other hand there was more tendency for plants so 
inclosed to respond to applications of nutrient salts in the lower soil horizons. 

DISCUSSION OF RESULTS OF LATER EXPERIMENTS 

In 1924 several treatments were selected as being best suited to answer 
the questions in mind, and groups of plants receiving these treatments were 
brought into the experiment. In addition a group of plants receiving nutrient 
solution in a trench about 3 or 4 inches deep around each plant was added to 
the series. 

In compiling the data for the plants brought under treatment at this time, 
the yields from those plants not placed in cylinders and receiving no nutrient 
solution were taken as a basis for comparison. The data in table 1 give the 
percentage of each cutting as related to the corresponding cutting of the control 
plants. Since it was impossible to select plants of equal size for the various 
groups and since some plants winter killed, the first cutting each year is taken 
as a starting point or basis of comparison for the other cuttings. 

The second cutting of the plants receiving solution at a depth of about 3 
inches bore a lower relation to its check than the first cutting to its check. The 
third cutting shows a negligible increase over the percentage for the first 
cutting. It is evident, therefore, that the addition of the solution has not 
increased the yield for 1924. In 1925 the second and third cuttings show a 
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marked increase over the corresponding cuttings of the untreated plants, 
which indicates a distinct benefit from the added nutrient. 

The plants not in cylinders but receiving solution at a depth of 36 inches show 
no influence of the treatment the first year. The second year, however, a 
distinct increase for the second and third cuttings is noted. 

Plants not surrounded by cylinders showed no influence of nutrient solution 
applied at a depth of 60 inches, until the third cutting of 1925 when a distinct 
increase in growth was noted. 

The first cutting of the plants in cylinders but receiving no solution was 
36.3 per cent of the first cutting of the untreated plants, indicating that the 
plants in cylinders were much the smaller. The second cutting was virtually 
the same percentage but the third cutting showed a considerable increase. 
In 1925 the second and third cuttings showed an appreciable gain in percentage 
growth over the corresponding cuttings of the untreated plants. These data 


TARLE i 

Yield of air-dry tops from alfalfa plants 

The relation of each cutting to the corresponding cutting from the control plants 


TREATMENT 

1924 

1925 

first 

cutting 

Second 

cutting 

Third 
cutting j 

First 

cutting 

Second 

cutting 

Third 

cutting 


per cent 

per cent 

per cent 

per cent 

Per cent 

Per cent 

Solution at 3 inches.. 

til 7 

96 5 ! 

113 9 

75.9 

101 2 

117 2 

Solution at 36 inches .... 

89 1 

si 3 ; 

86 7 

50 9 

66 7 

77 0 

Solution at 60 inches. 

51 2 

47 8 

49 2 

31.1 

30.1 

57.2 

Plants in cylinders; no solution 

36 3 

33 6 

49 9 

23 8 

36.9 

44.8 

Plants in cylinders; solution at 36 inches 

21 9 

43 9 

40 0 

7 8 

15 4 

13.6 

Plants in cylinders, solution at 60 inches 

43 4 

53 1 

51 3 

27.4 

35.2 

48 2 


indicate that the cylinders were not limiting the growth of the plants and that 
an adequate supply of nutrients was being obtained. Whether the source of 
supply was the subsoil is an open question, since no withdrawal of stored 
material could be measured. 

Plants in cylinders and receiving nutrient solution at a depth of 36 inches 
show a decided increase in percentage yield over the corresponding cuttings of 
the untreated plants, beginning with the first cutting each year. This indi¬ 
cates a decidedly beneficial effect of the solution, which agrees with the 1925 
results from the plants receiving solution at the same depth but not inclosed 
in cylinders, but disagrees with the results for 1924. 

Solution applied at a depth of 60 inches to plants in cylinders produced an 
appreciable increase in growth for the second and third cuttings for both years. 
This again does not agree with the results obtained when solution was applied 
at a similar depth to plants not in cylinders. 

It is interesting to note that although the above data indicate no restriction 
of growth as a result of preventing root development in the surface soil by 
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means of glass cylinders, the plants so treated showed a decided increase in 
growth as a result of applications of nutrient solution at depths of 36 inches and 
60 inches. Plants not inclosed in cylinders did not show such a definite 
response to additions of nutrients. 

The data from both sets of experiments seem to justify the conclusion that 
nutrient solution applied at depths of 18 inches, 36 inches, and 60 inches 
increased the growth of alfalfa, especially when the roots were excluded from 
the surface soil. These results indicate that the lower portion of the root 
systems are capable of absorbing nutrients in appreciable quantities. Excava¬ 
tion of several specimens showed that a large development of fibrous roots had 
occurred at the depth of application of the nutrient solution. Plate 1, figure 
2 shows this development in plants receiving nutrient at the 36-inch depth. 

Nutrient solution applied around the surface roots of the plants did not 
stimulate growth the first year, and during the second year the increase was 
not so great as one might expect. 


TABLE 2 

Growth records of alfalfa plants 


Weight of air-dry tops per cutting 


PLANT 

192 i 

1924 

1025 

NUMBER 

First 

cutting 

Third 

cutting 

First 

cutting 

Second 

cutting 

Third 

cutting 

First 

cutting 

Second 

cutting 

Third 

cutting 

i 

gm 

gm 

gw. 

gw. 

gm. 

gw. 

gm. 

gw. 

1 

26 9 

13 0 

121 2 

36 4 

21 3 

10 4 

11 2 

3 0 

2 

18 7 

10 5 

100 8 

37 6 

25 2 

31 0 

20.6 

13 2 

3 

3 1 

0 6 

31.0 

13 3 

11 (> 

15 7 

11.6 

4 0 

4 



32.7 

28 9 

14 9 

19 0 

8 1 

3 4 

5 



6 4 

6 3 

4 1 

7 9 

5 4 

2.35 

6 



178 1 

73 0 

44 6 

161 8 

53 0 

22 0 


VARIATION IN GROWTH OF ALFALFA PLANTS 

The erratic behavior of individual plants is one point emphasized by these 
studies. As an illustration, the performance of several plants by cuttings is 
given in table 2. It is evident that if definite conclusions are to be drawn, 
studies of alfalfa (and probably the same is true of other plants, having large 
facilities for food storage) should include large numbers of plants. 

GROWTH OF ALFALFA PLANTS WITH ROOTS EXCLUDED FROM SURFACE 
15 INCHES OF SOIL 

In order to note the effect of yet more drastic treatment on the behavior of 
alfalfa, 2-inch glass cylinders 15 inches long were placed around seven plants. 
The cylinders were filled with quartz sand. The behavior of the plants under 
this extremely abnormal condition is shown in table 3. 
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It is interesting to note that notwithstanding the extremely adverse condi¬ 
tions under which these plants were placed, they all lived through the first 
year and until after the first cutting of the second year, when only one died. 
After the second cutting of 1924, another plant succumbed, all of the others 
living through the year. In the spring of 1925 only two plants were alive and 
these grew thriftily throughout the season. Whether the heavy mortality in 
the second year was due to a depletion of food reserves in the roots with a 
resulting decrease in size of root, increase in water content, and consequent 
susceptibility to winter injury as reported by Nelson (4) was not determined, 
but seems probable. 

It is a remarkable fact that two plants should live and produce three cuttings 
annually for three years under the conditions of the experiment. 1 It is evident 


TABLE 3 

Growth of alfalfa plants surrounded by glass cylinders 2 inches in diameter and 15 inches long 
Weight of air-dry tops for each cutting 


PLANT 

NUMBER 


1924 

1925 

Fu-t 

cutting 

Third 

cutting 

First 

cutting 

Second 

cutting 

Third 

cutting 

First 

cutting 

I 

Second 

cutting 

Thud 

cutti-g 


gm. 

gm 

gm 

gm. 

gm 

gm. 

gm 

gm 

1 

7 4 

3 6 

32 2 

20.5 

18 3 

.... 



2 

1 5 

0 6 

41 0 






3 

18 4 

2 5 

4 4 

2 8 





4 

9 5 

5 1 

51 9 

35 7 

32 1 

33 1 

14 1 

13 5 

5 

7 6 

3 8 

11 8 

7 7 

6 9 




6 

18 2 

6 8 

| 61 8 

29 2 

28 9 




7 

6 2 

2 1 

47 9 

29 9 

19 7 

58 8 

14 6 

12 5 


that nutrients must either have been absorbed from the lower soil horizons or 
else the plants were making use of stored reserves. From data which will 
appear in another paper, this latter suggestion seems very plausible. 

ABSORPTION OF WATER BY THE LOWER ROOT SYSTEM 

In working among the plants, the author noted that those which had been 
enclosed in cylinders the previous day showed no signs of wilting even during 
the hotter portions of the day. This seemed remarkable since the sand used 
for filling the cylinders contained only a small amount of moisture. To test 
still further their resistance to wilting, three plants were fitted with 8-inch 
cylinders and three with 15-inch cylinders filled with quartz sand. These 
operations were performed at 10:00 a.m. on May 4, which was a bright warm 
day* At 4:00 p.m. on the following day, which was also bright and warm, 
there were no signs of wilting. The conclusion is unavoidable that the lower 
roots were absorbing water at a sufficient rate to meet the transpiration re¬ 
quirement of the plants. 
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SUMMARY 

The placing of glass cylinders 2 inches in diameter and 8 inches long around 
alfalfa plants, thus excluding the roots from the surface soil, did not appear to 
decrease the growth of the plants as measured by the weight of air-dry tops. 
Three cuttings were taken for two successive years. 

Nutrient solution applied near the tap roots at various depths increased the 
growth of tops of plants inclosed in cylinders. Plants not having their root 
system restricted by cylinders showed little response to applications of nutrient 
solution. 

When nutrient solution was applied to the lower soil horizons a considerable 
development of fibrous roots occurred in the region of application. 

The plants under observation showed a great variation in behavior as meas¬ 
ured by individual cuttings. 

Five out of seven plants enclosed in glass cylinders 2 inches in diameter and 
IS inches long filled with quartz sand, lived for two years, three cuttings being 
taken each year. Two of the plants lived for three years. 

When plants with several inches of top growth were inclosed in 15-inch 
cylinders filled with dry quartz at 10:00 a.m. on a warm bright day, no evidence 
of wilting was apparent at 4:00 p.m. on the following day, which was also 
bright and warm. 
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PLATE 1 

Fig. 1. These roots grew out around the bottom of the 8-inch cylinders and then turned 
upward and ramified in the surface' soil. 

Fig. 2. A large number of fibrous roots developed near the point of application of nutrient 
solution, at the 36-inch depth. 




Fig. 2 
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The permanent reclamation of alkali soil rests upon the installation of 
underground drains and the leaching from the soil of the injurious constituents. 
The success of this method varies with the physical and chemical nature of the 
soil. With some soils it is a success whereas with others it is only a partial 
success or a total failure. Recent experiments show that these failures are 
due to the profound changes which the soluble salts have exerted on the com¬ 
position of the soil; which in turn has changed so profoundly the structure of the 
soil that leaching becomes impossible. Such a condition can be overcome only 
by a preliminary treatment. Some soils, even after leaching, remain barren 
or produce only meagre crops for a number of years. 

The non-productive period may be due to physical, chemical, or biological 
changes which have occurred within the soil because of its alkali content or the 
changes incidental to the leaching process. It is quite certain that the micro¬ 
flora would be profoundly influenced by the salt content of the soil. It is also 
reasonable to believe that considerable time would have to elapse after the 
leaching of such a soil before a normal active microflora would become es¬ 
tablished within it. The leaching of the soil would remove not only the in¬ 
jurious salts but considerable of the available plant-food. More plant-food 
would be rendered available only after the physical and chemical properties 
of the soil become suitable for bacterial growth and the soil became properly 
inoculated. Hence, this work was undertaken to determine the number of 
microorganisms, the biological changes occurring, and the productivity of 
natural and artificially leached and non-leached alkali soil which had been 
treated in various ways to re-establish its microflora. 

PLAN OP EXPERIMENT 

Two-gallon jars, provided with a half-inch hole near the lower edge were 
used. Into the holes were fitted rubber stoppers with glass tubes so that all 
drainage water could be collected, measured, and analyzed. A small quantity 
of glass wool was placed over the opening and the bottom of the jar was covered 

1 Valuable assistance in the analytical work was given by Professor Carter, Mr. Lund, 
Mr. Nelson, and Mr. Pulley. 
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to a depth of 2 inches with fine gravel. This was covered with a layer of glass 
wool. Sufficient soil to fill the pots was mixed with the requisite salts, packed 
into the mots, and the moisture content made to 20 per cent. Some pots 
contained untreated soil, others natural alkali soils, whereas still others con¬ 
tained synthetic alkali soil. The salt treatments were as follows: 

12 pots were filled with the college farm soil untreated. 

12 pots were filled 'with the college farm soil plus 2 per cent sodium chloride. 

12 pots were filled with the college farm soil plus 2 per cent sodium sulfate. 

12 pots were filled with the college farm soil plus 2 per cent sodium carbonate. 

12 pots were filled with the college farm soil plus 1 per cent sodium chloride plus 1 per cent 
sodium sulfate. 

12 pots were filled with the college farm soil plus 1 per cent sodium chloride plus 1 per cent 
sodium carbonate. 

12 pots were filled with the college farm soil plus 1 per cent sodium sulfate plus 1 per cent 
sodium carbonate. 

12 pots were filled with the college farm soil plus 2/3 per cent each of sodium chloride, sodium 
sulfate, and sodium carbonate. 

12 pots were filled with Corinne soil in which sodium chloride was the predominating salt. 
12 pots were filled with Richland Acre soil in which sodium sulfate was the predominating salt. 
12 pots were filled with Benson soil in which sodium carbonate was the predominating salt. 

All of the soils stood for two months with a moisture content of 20 per cent 
before leaching so that the various reactions occurring because of the treat¬ 
ment would tend toward equilibrium. After this, six pots in each series were 
leached by keeping on them a “water head” as nearly constant as possible. 
All drain water was collected and analyzed. The results have been previously 
reported (6). 

At the end of the leaching period (640 days) the soils were sampled and an¬ 
alyzed as to numbers, ammonifying, nitrifying, and nitrogen-fixing powers. 
After sampling, the pots were treated as follows: 

Without further treatment two of the leached and two of the unleached pots from each 
series were seeded to crimson clover. Two of the leached and two of the unlcached pots 
from each series received barnyard manure at the rate of fifteen tons per acre and were then 
seeded to crimson clover. Two of the leached and two of the unleached pots from each series 
received 50 cc. soil extract, which was made by shaking 100 gm. of a fertile soil in 1000 cc. 
of water, allowing it to settle, and then pippetting off 50 cc. The pots were then seeded to 
crimson clover. 

■ The plants including roots were harvested at the time of full bloom and total 
dry matter and percentage of nitrogen determined. The soil from each pot 
was then sampled and analyzed after which it was manured or inoculated 
with a water extract, as outlined above, and then seeded to barley. When 
ripe, the barley was harvested; the pots were resampled, retreated, and again 
seeded to barley. Hence, we have data on three samplings of the soil made at 
different times, and data on three crops—one of clover and two of barley. 
Four analyses were made on each sample of soil, hence, each result for numbers, 
ammonifying, nitrifying, and nitrogen-fixing powers represents the average 
of eight analyses made on two pots of soil receiving the same treatment. 
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COMPOSITION OF SOIL USED 

The work was conducted on four different soils: 

1. From the College Farm east of the Plant Industry Building. 

2. From Corinne. 

3. From Benson Ward. 

4. From Richland Acres. 


TABLE 1 


Physical composition of soils 


CONSTITUENTS 

COLLEGE 
FARM SOIL 

CORINNE 

SOIL 

BENSON 
WARD SOIL 

RICHLAND 
ACRES SOIL 


Per cent 

per cent 

Per eent 

percent 

Sand. 

36 6 

17.5 

42.5 

4.8 

Fine sand. 

30 6 

17.3 

20.9 

29.6 

Coarse silt. 

18 8 

28.5 

19 0 

27.0 

Medium silt. 

6 0 

15 9 

3.8 

13.1 

Fine silt . 

2 3 

5 3 

2 3 

10.2 

Clay. 

3,5 

7 4 

6 1 

9 4 

Moisture, soluble salts, and loss 

2 2 

8 1 

5 4 

5 9 


TABLE 2 

Leaching necessary to remove the greater portion of the soluble salt from the soil 


SOIL 

TREATMENT 

dttration 

OF 

LEACHING 

PERIOD 

WATER 

LEACHED 



days 

liters 

College 

None 

18 

121 

College 

2 per cent NaCl 

49 

84 

College 

2 per cent Na 2 COa 

274 

140 

College 

2 per cent Na 2 SC >4 

29 

175 

College 

1 per cent NaCl plus 1 per cent Na 2 SC >4 

25 

153 

College 

1 per cent NaCl plus 1 per cent Na 2 COs 

640 


College 

1 per cent Na 2 S 04 plus 1 per cent Na 2 COa 

203 

85 

College 

0.66 per cent each NaCl plus Na 2 SC >4 plus Na 2 COs 

199 

240 

Corinne 


211 

79 

Richland Acres 


38 

94 

Benson Ward 


139 

247 


Soil 1 was a good productive soil and was made unproductive by the addition 
of the salts listed above. Soils 2, 3, and 4 were natural alkali soils containing 
sufficient alkali to prevent the growth of all vegetation except a few salt- 
tolerant plants. The physical analyses of the four soils as determined by the 
Yoder (8) elutriator are given in table 1. 

Soils 1 and 3 are sandy loams, whereas soils 2 and 4 are fine sandy loams. 
These soils should be more difficult to leach than a sand and much less difficult 
than a tight or heavy clay. However, they approximate the composition of 
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many of our alkali soils. Hence the results obtained in this work should give a 
lead to what may be expected in the field with the various alkali soils. 

The soils were all leached until an analysis of the drain water indicated that 
the greater quantity of the soluble salts which could be removed by water had 
been washed from the soil. The time required and the quantity of water 
necessary to accomplish this, varied greatly with the different soils, as may be 
seen from the summarized results given in table 2. 

The water passed rapidly through the normal soil during the first 48 hours 
yielding an average hourly leaching of 24.4 cc. After this there was a slight 
decrease, but this soil readily leached throughout the duration of the experi¬ 
ment. For a very short time the soil treated with 2 per cent sodium chloride 
leached readily, but it soon dropped to about one-third of the normal soil. 
The sodium-sulfate-treated soil leached more readily than did the untreated 
soil; whereas soil treated with sodium carbonate leached very slowly even at 


TABLE 3 

Recovery of salts from synthetic and natural alhali soils 


son. 

TREATMENT 

NaCl 

RECOVERED 

NaiSO* 

RKCOVLRED 

NaoCOj 

RECOVERED 








g*n 

per cent 

g*n. 

per cent 

gnt. 

per cent 



180 



128 9 

71.6 








180 



i 

159 9 

88 8 





* 


180 



i 


120.5 

66.9 

College.^ 


90 


90 

85 0 

94 5 



22 0 

24.5 



90 

90 


85 0 

94 5 

86.0 

95 6 






90 

90 



83 0 

92 2 

19.4 

21.6 



60 

60 

60 

54.8 

91.3 

58.6 

97.7 

26.0 

43.3 

Corinne. 




379 1 


6.3 




Richland Acres . 




12.7 


67.8 




Benson Ward. 

1 



97 0 


40 6 


103 7 



first, and by the end of one year only 1 cc. an hour was passing through the soil. 
This soil and drain water soon became dark in color. The soil puddled greatly 
and shrank in volume so that it did not fill the containers. Apparently the 
granular structure had been broken down completely. Although the leaching 
was continued in the case of some of the soil for nearly two years, considerable 
of the salt still remained in the soil, as may be seen from the summarized results 
given in table 3. 

From 71.6 to 94.5 per cent of the chlorides, from 88.8 to 97.7 per cent of the 
sulfates, and only 21.6 to 66.9 per cent of the carbonates were recovered. 
Hence, in not a single case had all of the added salt been recovered although 
leaching had been as complete as was feasible without preliminary treatment. 
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NUMBER OF BACTERIA 

The number of bacteria were determined by plating on modified synthetic 
agar having the following composition: 

1000 cc. of distilled water. 

10 gm. dextrose 

0.5 gm. dipotassium phosphate (K 2 HPO 4 ) 

0.2 gm. magnesium sulfate (MgS0 4 ) 

20 gm. powdered agar-agar 

Before sampling, all large masses were broken up and the soil was thoroughly 
mixed by shaking in the original container. One-hundred gram portions of 
the soil were weighed on sterile paper into 200 cc. of sterile water. This was 
shaken for one minute and 1 cc. of this suspension was transferred to 99 cc. of 
sterile water. The dilution was continued in 9 cc. of sterile water and plates 
were made so as to give dilutions of 1 to 20,000 and 1 to 200,000. They were 
incubated at 28°C. for seven days and then counted. Three sets of plates were 
made from each soil and the results averaged. Hence, each reported result 
represents six determinations made on the duplicate pots receiving the same 
treatment. The average results for the chloride-treated soil are given in 
table 4. 

The determinations made in 1921 were on composite samples of the soil. 
The six pots in each scries which had received the same treatment were sampled 
and composited. 

The leaching of the normal soil increased the bacterial content 24 per cent. 
This could not have come from the organisms carried in by the leach water 
for two reasons: first, the same water was used in irrigating the unleached 
soil, hence, its effect would have been the same on the microflora of both leached 
and unleached soils, second, it could not have been due to the soil retaining 
the microorganisms of the water used in leaching, as ordinary tap water, 
which is piped from a mountain spring, was used and repeated counts of the 
water during the leaching never showed a bacterial content of over 30 to each 
cubic centimeter. The increase could be due to the water breaking up the 
clumps of bacteria within the soil, under which condition the increase would be 
only apparent; or it might be due to a chemical or physical action upon the 
soil or its constituents which renders it more suitable to bacterial growth. 
The water may have removed chemical or biological substances which are 
inimical to bacterial growth. That this entity is a bacteriophage is a feasible 
explanation. 

The 2 per cent sodium chloride at the first sampling had reduced the bac¬ 
terial numbers to 54 per cent normal, but after this soil was leached, they 
increased 50 per cent. This is 26 per cent above the normal leached soil. 
The combination of sodium chloride and sodium sulfate slightly increased the 
numbers. Leaching of this soil increased the numbers to about the same extent 
as leaching of the sodium-chloride-treated soil. The combination of sodium 
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chloride and sodium carbonate is more toxic than sodium chloride and sodium 
sulfate or sodium chloride alone. This soil when leached contained seven 
times as many bacteria as the normal soil. The combination of the three salts 


TABLE 4 

Colonies developing upon synthetic agar from soil with and without chlorides 


TREATMENT 

COLONIES DEVELOPING IN 7 DAYS 

1921 

July, 1922 

August, 

1923 


thousands 

thousands 

thousands 

Untreated soil. . . 

2,573 

3,300 

2,250 

Untreated soil leached . . . . . .... 

3,182 

3,500 

3,150 

Untreated soil leached + 15'I', manure ... 


3,150 

5,150 

Untreated soil leached 4 soil extract . . 


3,100 

6,100 

Soil 4 2 per cent NaCl . 

1,387 

1,850 

3,250 

Soil 4 2 per cent NaCl leached .... 

3,870 

2,700 

4,650 

Soil 4 2 per cent NaCl 4 15 T. manure . 


1,500 

3,900 

Soil -f 2 per cent NaCl leached 4 15 T. manure 


4,550 

4,450 

Soil 4 2 per cent NaCl -f- soil extract. . 


600 

2,450 

Soil 4 2 per cent NaCl leached 4 soil extract. 


5,650 

6,350 

Soil -f* 1 per cent each NaCl and Na 2 SO<. 

2,752 

3,750 

1,450 

Soil 4 1 per cent each NaCl and Na 2 S0 4 leached .... 
Soil 4 1 per cent each NaCl and Na 2 S0 4 leached 4 15 T. 

3,750 

4,000 

4,300 

manure. 

Soil 4 1 per cent each NaCl and Na 2 S0 4 leached 4 soil ex¬ 


5,200 

4,500 

tract . 


4,150 

1,850 

Soil 4 1 per cent each NaCl and Na 2 C 03 . 

1,657 

8,450 

4,650 

Soil 4 1 per cent each NaCl and Na 2 C0 3 leached. 

Soil 4 1 per cent each NaCl and Na 2 C0 3 leached 4 15 T. | 

18.750 

15,050 

4,350 

manure. 

Soil 4 1 per cent each NaCl and Na 2 COs leached 4 soil ex¬ 


10,600 

7,050 

tract . 


12,850 

3,650 

Soil 4 0.66 per cent each NaCl, Na 2 S 04 , Na 2 CO« . 

3,042 

10,250 

2,600 

Soil 4 0.66 per cent each NaCl, Na 2 S 04 , Na 2 C0 3 , leached 
Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C 03 leached 4 

7,200 

9,450 

2,650 

15 T. manure. 

Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 COa leached 4 


5,400 

3,000 

soil extract. 


9,200 

2,100 

Corinne alkali soil . . 

220 

600 

1,800 

Corinne alkali soil 4 15 T. manure. . 


300 

1,250 

Corinne alkali soil leached .. ... . 

885 

3,150 

5,450 

Corinne alkali soil leached 4 15 T. manure. 


2,700 

1,950 

Corinne alkali soil leached 4 soil extract. 


7,050 

3,550 


stimulated, and when this was washed out the stimulation became even greater. 
The Corinne alkali soil contained fewer organisms than any of the synthetic 
alkali soils; there was only a quarter of a million whereas two years later there 
was nearly two millions—leaching increased the number 400 per cent. 
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The evidence is strong that this soil contains something which is limiting 
the number of bacteria within it, and that this limiting factor is removed by- 
leaching or by small quantities of the alkali. The factor cannot be protozoa 
as they would not be washed from the soil as readily as the bacteria; it could 
be a filterable virus or a toxic product. It would have to be assumed that the 
virus is more readily washed from the soil than are the bacteria and that it is 
more sensitive to alkalies. It is readily conceivable that the limiting factor 
could be a bacterial poison which is removed by leaching, but it would have to be 
assumed that the various salts neutralize its toxicity. The bacterial numbers 
in the second sampling are usually higher than in the first or third. By using 
the normal unleached soil in each case as a basis, leaching may be seen to 
increase the bacterial numbers 20 per cent; leaching and manure, 140 per cent; 
and leaching the soil and soil extract, 67 per cent. Two per cent sodium 
chloride reduces the bacterial content to 92 per cent of normal, but leaching 
increases it to 30 per cent above normal. The manure, when applied to the 
soil containing sodium chloride, has little influence on numbers; but when 
applied to sodium-chloridc-leached soil, increase the numbers 30 per cent over 
that receiving no manure. Soil extract applied to the alkali soil apparently 
retards, but applied to the leached soil, increases the numbers 41 per cent over 
the manure-treated soil. Similar relationships exist in the combinations of the 
salts, with the exception of the sodium carbonate. Here the manure and soil 
extract fail to increase the numbers. 

Although large variations occur in the numbers, it is safe to conclude that 
with this soil, leaching increases the bacterial content. Two per cent sodium 
chloride greatly decreases the numbers, but a combination of the chloride 
with the sulfate or carbonate or with both increases the numbers. Judged by 
the number of bacteria developing on synthetic media, it would appear from 
these results that the extract from the fertile soil is just as effective in increasing 
the numbers of microorganisms as is barnyard manure. 

The results for the sulfates arc given in table 5. Judged from the number of 
microorganisms developing on synthetic media, sodium sulfate is not nearly so 
toxic as is sodium chloride, a conclusion which corresponds with the results 
obtained with the higher plants. The combination of sodium sulfate and 
sodium carbonate stimulates to an even greater extent than does the sodium- 
chloride-sodium-carbonate combination. Although the increase due to leach¬ 
ing is not so pronounced as it was in the sodium chloride treated soil, it un¬ 
mistakably manifests itself. 

The manure and soil extract when applied to the soil usually increase the 
bacterial numbers. In this regard the soil extract is again just as effective 
as is the organic manure. 

The results for the carbonate are given in table 6. 

Sodium carbonate is much more toxic than either of the other salts. Two 
per cent sodium chloride reduced the bacterial numbers 11 per cent and leach¬ 
ing increased them 38 per cent, as an average compared with the normal soil. 
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The average results for the sodium sulfate as compared with the normal soil 
are within experimental error. But the sodium carbonate treated soil shows a 
decrease of 24 per cent due to the carbonate and an increase of over 830 per 


TABLE 5 

Colonies developing upon synthetic agar from soil with and without sulfates 


TREATMENT 

COLONIES DEVELOPING IN 7 DAYS 

1921 

July, 1922 

August, 

1923 


thousands 

thousands 

thousands 

Untreated soil. . 



2,250 

Untreated soil leached . 

■ 

mm 

3,150 

Untreated soil leached-f 15 T. manure . . 


3,150 

5,150 

Untreated soil leached 4 soil extract .. . . 


3,100 

6,100 

Soil 4 2 per cent Na 2 S0 4 ... 

3,605 

2,350 

2,200 

Soil 4 2 per cent Na 2 S0 4 leached ... 

3,970 

2,450 

2,250 

Soil 4 2 per cent Na 2 S 04 4 15 T. manure. 


3,300 

1,750 

Soil 4 2 per cent Na 2 S0 4 leached 4 15 T. manure .. 


3,500 

3,200 

Soil 4 2 per cent Na 2 S0 4 4 soil extract . 


3,800 

2,300 

Soil 4 2 per cent Na 2 S0 4 leached 4 soil extract. 


3,800 

2,200 

Soil 4 1 per cent each Na 2 S0 4 and NaCl . 

2,752 

3,750 

1,450 

Soil 4 1 per cent each Na 2 S0 4 and NaCl leached 

3,700 

4,000 

4,300 

Soil 4 1 per cent each Na 2 SQ 4 and NaCl leacheil 4 15 T. 




manure. 


5,200 

4,500 

Soil 4 1 per cent each Na 2 S0 4 and NaCl leached 4 soil ex¬ 


tract . . 


4,150 

4,850 

Soil 4 1 per cent each Na 2 S0 4 and Na 2 C0 3 

1,745 

16,650 

1,300 

Soil 4 1 per cent each Na 2 S0 4 and Na 2 COa leached 

8,100 

13,800 

1,800 

Soil 4 1 per cent each Na 2 S0 4 and Na 2 CC >3 leached 4 15 T. 




manure. 


19,500 

2,200 

Soil 4 1 per cent each Na 2 S0 4 4- Na 2 C0 8 leached 4 soil ex¬ 




tract . 


7,700 

1,850 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C 03 

3,042 

10,250 

2,600 

Soil 4 0.66 per cent each Na 2 SQ 4 , NaCl, Na 2 C0 3 leached. 

7,200 

9,450 

2,650 

Soil 4 0-66 per cent each Na 2 S0 4 , NaCl, Na 2 C0 8 leached 4 




15 T. manure. 


5,400 

3,000 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C0 8 leached 4 




soil extract . 


9,200 

2,100 

Richland acre alkali soil . . 

1,452 

6,000 

3,550 

Richland acre alkali soil 4 15 T. manure . 


14,550 

2,200 

Richland acre alkali soil leached. 

1,722 

5,050 

3,000 

Richland acre alkali soil leached 4 15 T. manure. 


2,600 

5,000 

Richland acre alkali soil leached 4 soil extract. 


3,500 

2,000 


cent due to the leaching. Hence, the numbers increase enormously after the 
salt is removed. This is surprising, for the soil after leaching is in very poor 
physical condition. Moreover, much of the organic matter and large quan¬ 
tities of the nitrogen have been removed. The readily available phosphorus 
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and potassium had been rendered soluble and leached from the soil (6). Hence, 
it would appear that both physical and chemical conditions have been left 
less favorable for bacterial multiplication, yet the bacterial numbers greatly 


TABLE 6 

Colonies developing upon synthetic agar from soil with and without carbonates 


TREATMENT 

COLONIES DEVELOPING IN 7 DAYS 

1921 

July, 1922 

August, 

1921 


thousands 

thousands 

thousands 

Untreated soil . 

2,573 

3,300 

2,250 

Soil leached ... . 

3,182 

3,500 

3,150 

Soil leached 4* 15 T. manure . 


3,150 

5,150 

Soil leached 4 soil extract ... 


3,100 

6,100 

Soil 4 2 per cent NajC0 3 . 

982 

3,750 

1,450 

Soil 4 2 per cent Na 2 COs leached 

11,000 

10,650 

3,550 

Soil 4 2 per cent Na 2 C0 3 leached 4 15 T. manure 


18,250 

2,600 

Soil 4 2 per cent Na 2 C'0 3 4 15 T. manure ... 


5,100 

2,050 

Soil 4 2 per cent Na 2 C(\ 4 soil extract . 


5,050 

800 

Soil 4 2 per cent Na 2 C0 3 leached 4 soil extract . . . 


15,000 

4,300 

Soil 4 1 per cent each Na 2 C0 3 , NaCl . 

1,657 

8,450 

4,650 

Soil 4 1 per cent each Na 2 CO a , NaCl leached ... 

18,750 

15,050 

4,350 

Soil 4 1 per cent each Na 2 C0 3 , NaCl leached 4 15 
T. manure . . 


10,600 

7,050 

Soil 4 1 per cent each Na 2 C0 3 , NaCl leached 4 soil 
extract . . . .... . 


12,850 

3,650 

Soil 4 1 per cent each Na 2 C0 3 , and Na 2 S 04 .. . 

1,745 

16,650 

1,300 

Soil 4 1 per cent each Na 2 C0 3 , and Na 2 S 04 leached . . 

8,100 

13,800 

1,800 

Soil 4 1 per cent each Na 2 C0 3 , and Na*S0 4 leached 4 15 T. 
manure. 


19,500 

2,200 

Soil 4 1 per cent each Na 2 C0 3 , and Na 2 S 04 leached 4 soil 
extract . . 


7,700 

1,850 

Soil 4 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 S 04 . 

3,042 

10,250 

2,600 

Soil 4 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 S0 4 leached 

7,200 

9,450 

2,650 

Soil 4 0.66 per cent each Na 2 CO 3 , NaCl, Na 5 S 04 leached 4 
15 T. manure. 


5,400 

3,000 

Soil 4 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 SC >4 leached 4 
soil extract . 


9,200 

2,100 

Benson alkali soil. 

40 

610 

150 

Benson alkali soil 4 15 T. manure. 


645 

1,550 

Benson alkali soil leached. 

267 

1,755 

2,100 

Benson alkali soil leached 4 15 T. manure. 


1,020 

3,750 

Benson alkali soil 4 soil extract. 


840 

550 

Benson alkali soil leached 4 soil extract . 


1570 

2 500 


increase. The most plausible explanation seems to be that there is within 
the soil some biological factor that is rendered inactive by the alkali, and when 
part of the alkali is removed by leaching, the bacteria multiply unhindered. 
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Moreover, all of the salt treatments give a great reduction at first, but after a 
time the number of organisms in the alkali treated soil becomes more numerous. 
This raises the very important question: Do the normal species develop into 
alkali resistant strains or is a different microflora developing within the soil? 
This must be answered by future work. 

AMMONIFICATION 

The ammonifying power of the soil was determined by weighing 100-gm. 
portions of the soil and 2 gm. of dried blood into sterile tumblers and covering 
them with petri dishes. The dried blood was thoroughly mixed with the soil 
by means of a sterile spatula and the water content made up to 18 per cent 
with sterile distilled water. The samples were incubated at 28° to 30°C. 
for 4 days and the ammonia was determined by transferring them to Kjeldahl 
flasks with 250 cc. of distilled water, adding 2 gm. of magnesium oxide, and 
distilling into 0.1 TV sulfuric acid. The determinations were all made in 
triplicate and compared with sterile blanks. Hence, each reported result 
represents the average of six determinations made on the duplicate pots. 
The average results for the chloride-treated soil, stated as milligrams of 
ammonia, recovered from 100 gm. of soil are given in table 7. 

The leaching of the normal soil increased its ammonifying powers 12 per 
cent. The stimulation is greatest at the time of the first sampling and had not 
fully disappeared at the end of two years. The manure produced no measur¬ 
able effect the first year, but the second year there was a gain in ammonia. 
The soil extract had no effect on the non-alkali soil. 

Two per cent sodium chloride reduced ammonification to 10 per cent of 
normal. The addition of manure or soil extract to the unleached soil had no 
influence. Leaching the soil brought it back to 85 per cent of normal, and 
the addition of manure to the leached soil restored it to its normal ammonifying 
efficiency. The soil extract was not as effective in this regard as was the 
manure. 

A mixture of sodium chloride and sodim sulfate is less toxic, measured in 
terms of ammonffication, than is sodium chloride alone. Moreover, the leach¬ 
ing restores such a soil to its original ammonifying powers. The addition of 
soil extract or manure raises its ammonifying powers above the normal. Here 
also the manure is more efficient than is the soil extract. 

The mixture of sodium chloride and sodium carbonate is not as toxic as is 
the single salt; moreover, such a soil is more easily restored to its normal 
ammonifying powers. In restoring ammonifying efficiency soil extract and 
manure are about equally efficient. 

A mixture of the three salts is slightly more toxic than the two. Neither 
leaching, soil extract, nor manure, when used singly or in combination, fully 
restored the ammonifying powers of the soil. 

The Corinne alkali soil produced very little ammonia. The manure and 
soil extract were both without effect on the unleached soil. The leaching of 
the soil increased its ammonifying powers, which were still less than one-half 
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those of the non-alkali soil. At the end of two years neither manure nor soil 
extract had brought this soil up to a normal ammonifying efficiency. But 
the leached soil in the absence of treatment did not greatly increase in ammo- 


TABLE 7 

Ammonia found in soil with and without sodium chloride after 4 days ’ incubation 



AMOUNT OF AMMONIA FOUND 

TREATMENT 

1021 j 

July, 1922 A ?jgf- 


mgm. tngm. tngm. 


Untreated soil .. .. . 8 ( ) 91 66 

Soil leached 107 96 74 

Soil leached -f- 15 T. manure 97 103 

Soil leached -f soil extract. 90 81 

Soil + 2 per cent Na('l 10 8 9 

Soil + 2 per cent Nat l leached 65 59 84 

Soil -f* 2 per cent Nat 1 15 T. manure . 9 9 

Soil 4~ 2 per cent NaCl leached -f 15 T. manure 73 114 


Soil 4- 2 per cent Nat l 4- soil extract ... 9 13 

Soil 4" 2 per cent NaCT leached 4* soil extract (>6 69 


Soil 4- 1 per cent each NaCl, Na 2 S0 4 15 8 31 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached . . 94 106 74 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached 4- 15 T. 


manure. 150 102 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached 4- soil 

extract . 112 83 

Soil 4- 1 per cent each NaCl, Na 2 C0 3 .... 45 22 32 

Soil 4* 1 per cent each NaCl, Na 2 C0 8 leached 70 49 118 

Soil 4- 1 per cent each NaCl, Na 2 C0 3 leached 4- 15 T. 


manure. . 70 113 


Soil 4- 1 per cent each NaCl, Nu2C03 leached 4- soil 

extract . . 73 118 

Soil 4“ 0 66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 19 10 34 

Soil 4* 0.66 per cent each NaCl, Na 2 S() 4 , Na 2 C 03 leached. 64 67 73 

Soil 4" 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C 03 leached 4- 

15 T. manure . . 58 103 

Soil 4- 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C03 leached 4- 


soil extract . .... 62 

Corinne alkali soil . .... 2 2 

Corinne alkali soil 4" 15 T. manure . .. 1 

Corinne alkali soil leached . 40 16 

Corinne alkali soil leached 4- 15 T. manure . 32 

Corinne alkali soil 4~ soil extract . 1 

Corinne alkali soil leached 4- soil extract .... 12 


nifying efficiency during the two years. In restoring the ammonifying powers 
of the soil, the soil extract was just as efficient as was the manure. The results 
indicate that one of the greatest benefits derived from the manure was the 
reseeding of the soil with an appropriate microflora. 
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The results for the sulfates are given in table 8. 

From the viewpoint of ammonification, sulfates evidently are not as toxic 
as are chlorides. Such a soil is more easily reclaimed, the mere leaching of the 


TABLE 8 

Ammonia found in soil with and without sodium sulfate after 4 days’ incubation 

I AMOUNT OF AMMONIA FOUND 


Untreated soil. 

Soil leached . . 

Soil leached + 15 T. manure. . 

Soil leached + soil extract . 

Soil + 2 per cent Na 2 S0 4 .... .... 

Soil + 2 per cent Na 2 S0 4 leached ... . 

Soil -f 2 per cent Na 2 S0 4 +15 T. manure . 

Soil + 2 per cent Na 2 S0 4 leached + 15 T. manure 

Soil + 2 per cent Na 2 S0 4 + soil extract . 

Soil + 2 per cent Na 2 S0 4 leached + soil extract 
Soil + 1 per cent each Na 2 S0 4 , NaCl ... 

Soil + 1 per cent each Na 2 S0 4 , NaCl leached . . 

Soil + 1 per cent each NaiS0 4 , NaC l leached + 15 T. 

manure . . . .... 

Soil + 1 per cent each Na 2 SOf, NaCl leached + soil 

extract . . 

Soil + 1 per cent each Na2S0 4 , Na 2 C0 8 . .... 

Soil + 1 per cent each Na 2 S0 4 , Na 2 C0 3 leached 

Soil + 1 per cent each Na 2 S0 4 , Na 2 C0 8 leached + 15 

T. manure. 

Soil + 1 per cent each Na 2 S0 4 , Na 2 C0 8 leached -f- soil 

extract. . 

Soil + 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C08. 

Soil + 0.66 per cent each Na^SO^ NaCl, Na 2 COj leached . 
Soil + 0.66 per cent each Na 2 SG 4 , NaCl, Na 2 C0 8 leached + 

15 T. manure. . 

Soil + 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C0 8 leached + 

soil extract. 

Richland acre alkali soil . 

Richland acre alkali soil + 15 T. manure . 

Richland acre alkali soil leached .. 

Richland acre alkali soil leached + 15 T. manure. 

Richland acre alkali soil + soil extract . 

Richland acre alkali soil leached + soil extract. 


1921 

July, 1922 

August, 

1923 

tngtn . 

mgm 

mgm . 

89 

91 

66 

107 

96 j 

74 


97 

103 


90 

81 

22 

43 

63 

93 

93 

80 


47 

73 


118 

113 


36 

45 


105 

38 

15 

8 

31 

94 

106 

74 


150 

102 


112 

83 

51 

45 

69 

103 

63 

109 


69 

130 


58 

103 

19 

9 

34 

64 

67 

73 


58 

103 


62 

70 

11 

11 

50 


38 

70 

24 

29 

66 


32 

86 


10 

57 


24 

42 


soil being sufficient to restore it to normal. Both the soil extract and the 
manure bring the leached soil to above normal. Moreover, the addition of 
the manure to the unleached soil is sufficient in some cases to restore the soil 
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to its normal ammonifying powers. This of course, is only temporary, and 
as the organic matter decays, the toxic properties of the salts reappear. 


TABLE 9 

Ammonia found in soil with and without sodium carbonate after 4 days' incubation 


TREATMENT 

AMOUNT OR AMMONIA 

1921 

July, 1922 

August, 

1923 


mgm. 

mgm. 

mgm. 

Untreated soil. 

89 0 

91.0 

66.0 

Soil leached. 

107.0 

96.0 

74.0 

Soil leached 4 15 T. manure. 

97.0 

103.0 

Soil leached 4 soil extract . 


90 0 

81.0 

Soil 4 2 per cent Na*CO*. 

22.4 

46 4 

32.8 

Soil 4 2 per cent Na 2 CO» leached . 

92 8 

93.0 

77.5 

Soil -+■ 2 per cent Na 2 CC>8 4 15 T. manure . 


46.8 

73.4 

Soil -f 2 per cent Na*COi leached 4* 15 T. manure . .. 


118 9 

112.5 

Soil 4* 2 per cent Na 2 C0 3 4" soil extract . 


35.9 

42.7 

Soil 4- 2 per cent Na 2 CO* leached 4- soil extract . 


100 2 

115 0 

Soil 4- 1 per cent each Na 2 CO*, NaCl . 

15.0 

8.0 

31.0 

Soil 4- 1 per cent each Na 2 COj, NaCl leached. 

94.0 

106 0 

74 0 

Soil + 1 per cent each Na 2 C0 3 , NaCl leached 4- 15 T. 
manure. 


150.0 

102 0 

Soil 4" 1 per cent each Na 2 COa, NaCl leached 4* soil 
extract . 


112.0 

83.0 

Soil 4“ 1 per cent each Na 2 S0 4 , Na 2 COi. 

51.0 

45.0 

69 0 

Soil 4- 1 per cent each Na 2 S0 4 , Na»COa leached. 

103.0 

63.0 

109.0 

Soil 4- 1 per cent each Na 2 S0 4 , Na 2 COs leached 4 15 
T. manure . 


69.0 

130.0 

Soil 4- 1 per cent each Na 2 S0 4 , Na 2 CO| leached 4 soil 
extract . 


58.0 

103.0 

Soil 4* 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C0 3 . 

19.0 

9.0 

34.0 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, NajCOs leached. 

64.0 

67 0 

73.0 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 C0 3 leached 4 
15 T. manure. 


58.0 

103 0 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 CO* leached 4 
soil extract. 


62.0 

70.0 

Benson alkali soil. 

8.8 

10.7 

12.7 

Benson alkali soil 4- 15 T. manure. 


24.0 

16.5 

Benson alkali soil leached. 

46.5 

52.5 

93.4 

Benson alkali soil leached 4 15 T. manure. 


69 7 

122.7 

Benson alkali soil 4 soil extract . 


8.2 

12.4 

Benson alkali soil leached 4 soil extract. 


52.2 

107.1 


The results are significant in that they are in keeping with those obtained 
when the plant is taken as the index. Moreover, it is the common experience 
that the sulfate alkali soil is more readily reclaimed than is the chloride. The 
natural alkali soil has a lower ammonifying power than has the artificially 
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produced, and is harder to reclaim. The artificial soil of this series is restored 
by leaching, but it requires both leaching and re-inoculation to restore tte 
natural soil. 

The results for the carbonates are given in table 9. 

Sodium carbonate is more toxic to ammonifiers than is sodium sulfate, but 
is less toxic than is sodium chloride—2 per cent sodium chloride reduced ammo- 
nification to 10 per cent of normal, sodium carbonate to 41 per cent of normal, 
and sodium sulfate to 52 per cent of normal. Moreover, it is more easily 
returned to its normal ammonifying power than is the sodium chloride carrying 
soil. Both manure and soil extract are efficient in reseeding the leached soil. 
Moreover, it is interesting to note that the leached manure-treated soils shows a 
high ammonifying power, the alkali having a stimulating influence. All of 
these results are in direct accord with the results which were obtained by mixing 
the salt directly with the soil and then incubating (3). 

NITRIFICATION 

The nitrifying power of the soil was determined similarly to the ammonifying 
power, except that the samples in the former case were incubated for 21 days. 
The moisture content was made up weekly to the initial percentage and the 
nitric nitrogen determined as outlined elsewhere (5). The average results 
for the chloride-treated soil are given in table 10. 

The leaching of the soil increased nitrification 8 per cent. Hence, we find 
that the leaching of this fertile soil has increased the numbers, ammonification, 
and nitrification, thus showing that the water must remove some limiting 
factor in the bacterial growth in this soil. The addition of manure increases, 
whereas the addition of the soil extract decreases, nitrification. 

Two per cent of sodium chloride reduces nitrification to 12 per cent of normal. 
Both manure and soil extract are valueless when judged by nitrification. How¬ 
ever, the soil extract is more valuable than is the manure in restoring nitrifi¬ 
cation in the leached soil. 

As it is only after the soil has been leached and re-inoculated that nitrifica¬ 
tion is normal, these results would point to the conclusion that 2 per cent 
sodium chloride in a soil for some time not only inactivates the nitrifying 
organisms but actually destroys them. A combination of the two salts is just 
as toxic as is the single salt. The combination of the three salts is toxic at 
first but later decreases. Whether this is due to a chemical combination of 
the salts with soil constituents or whether the organisms become accustomed to 
the alkali salts cannot be decided from these results. They point to the con¬ 
clusion that alkali soil after leaching must be reseeded with the nitrifying 
organisms before high nitrification occurs. This may be accomplished by 
chance inoculation, which requires considerable time and is uncertain, or by 
the use of soil or barnyard manure. The latter not only carries the desired 
organisms but also improves the physical conditions. 
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During the first year, the sulfates are just as toxic as are the chlorides, 
with sulfates, the toxicity decreases during the second and third year even 
where no treatment has been given to the soil. This raises the interesting 


TABLE 10 

Nitric nitrogen produced in 100 gm. of soil during 21 days’ incubation with and without 

sodium chloride 


. . . . . - . .-. -- - --- ”1 

1 

TREATMENT 

AMOUNT OF NITRIC NITROGEN FOUND 

1921 

July, 1922 

August, 

1923 


mgm. 

mgm 

mgm. 

Untreated soil. 

40 6 

56 3 

53.2 

Soil leached. 

46 2 

53 9 

62.0 

Soil leached 4“ 15 T. manure . 


53 2 

109.5 

Soil leached 4- soil extract . 



45.5 

Soil + 2 per cent NaCl . 

5 6 

9 5 

15.7 

Soil -f 2 per cent NaCl leached . 

31 5 

41 6 

50.4 

Soil 4* 2 per cent NaCl 4- 15 T. manure . 


1.4 

15 5 

Soil + 2 per cent NaCl leached -{- 15 T. manure .... 


37 1 

35.7 

Soil 4- 2 per cent NaCl 4* sod extract .... 


1 1 

4.2 

Soil 4* 2 per cent NaCl leached 4“ soil extract 



60 2 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 

1 4 


5 2 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached . 

41 3 


56.5 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached 4- 15 T. 

manure . . 


42 4 

100.5 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 leached 4- soil 

extract . 


47 6 

49.5 

Soil 4~ 1 per cent each NaCl, Na 2 C0 3 , . 

4 9 

4.5 

7 7 

Soil 4- 1 per cent each NaCl, Na 2 COj, leached 

2.8 

3 5 

3 5 

Soil 4- 1 per cent each NaCl, Na 2 C0 3 , leached 4* 15 T. 
manure. 


4.2 

21.0 

Soil 4” 1 per cent each NaCl, Na 2 C0 3 leached 4- soil 
extract . 


2 8 


Soil 4* 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 , 

1.4 

33 5 


Soil 4- 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 , leached 

46 9 

64 7 


Soil 4-0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 , leached 4- 
15 T. manure . 


74.2 

72.8 

Soil 4“ 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 CO s leached 4* 
soil extract . 


73 2 

59.6 

Corinne alkali soil . 

4 9 

2 8 

7.0 

Corinne alkali soil 4- 15 T. manure . 


3 2 

4.2 

Corinne alkali soil leached . 

2.1 

13 3 

7.7 

Corinne alkali soil leached 4- 15 T. manure. 


13 8 

38.5 

Corinne alkali soil 4“ soil extract . 


1 4 

3.8 

Corrine alkali soil leached 4- soil extract . 


12 0 ! 

i 

12.6 


question: Has there developed within the soil an alkali-resistant strain of the 
nitrifiers? The mere leaching of the soil restores completely its nitrifying 
power, a thing which does not occur in the case of the chloride-carrying soil. 
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The addition of the soil extract has little value. This would be expected 
where the concentration of the alkali is not sufficient to destroy the nitrifying 
microflora. However, manure has a marked accelerating influence upon the 


TABLE 11 

Nitric nitrogen produced in 100 gm. of soil during 21 days' incubation with and without sulfates 


AMOUNT or NITRIC NITROGSN FOUND 


TREATMENT 

1921 

July, 1922 

August, 

1923 


tngm. 

mgm. 

tngm. 

Untreated soil. 


56 3 

53 2 

Soil leached . 


53.9 

62.0 

Soil leached -f 15 T. manure . 


53 2 

109.5 

Soil leached 4* soil extract. 


43.8 

45.5 

Soil -f 2 per cent Na 2 S0 4 . 

1.4 

21.0 

47.6 

Soil + 2 per cent Na 2 S0 4 leached. 

47.6 

41.3 

56 0 

Soil 4- 2 per cent Na 2 S0 4 4“ 15 T. manure. 


56.0 

14 3 

Soil 4- 2 per cent Na 2 S0 4 leached 4" 15 T. manure .... 


63.0 

98 7 

Soil 4- 2 per cent Na-tSCh 4* soil extract. 


21.7 

29.7 

Soil 4* 2 per cent Na 2 S0 4 leached 4* soil extract. 


52 8 

47 2 

Soil 4* 1 per cent each Na 2 S0 4 , NaCl . 

1 4 

9.8 

5 2 

Soil 4- 1 per cent each Na 2 S0 4 , NaCl leached. 

Soil 4- 1 per cent each Na^SO^ NaCl leached 4” 15 T. 

41.3 

66.5 

56 5 

manure. 


42.4 

100.5 

Soil 4- 1 per cent each Na 2 SC) 4 , NaCl leached 4* soil 


extract . 


47.6 

49 5 

Soil 4- 1 per cent each Na 2 S0 4 , Na 2 C0 3 . 

4 2 

3 2 

4 8 

Soil 4" 1 per cent each Na 2 S0 4 , NaaCOg leached .... 

Soil 4- 1 per cent each Na 2 $0 4 , Na 2 C0 3 , leached 4- 15 

1.7 

2 8 

3.5 

T. manure. 

Soil 4* 1 per cent each Na 2 S0 4 , Na*CO*, leached 4~ soil 


4 9 

7.7 

extract . 


40.9 

1 4 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 COa. 

1.4 

33.5 

23 8 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, Na^COg leached.. 
Soil 4* 0.66 per cent each Na 2 S0 4 , NaCl, Na*COg leached 4- 

46.9 

64.7 

87.2 

15 T. manure . 

Soil 4- 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 COg leached 4~ 


74 2 

72 8 

soil extract. 


73.2 

59 6 

Richland acre alkali soil . 

9 1 

17 5 

16 0 

Richland acre alkali soil 4- 15 T. manure. 


7.0 

27.0 

Richland acre alkali soil leached . 

5 9 

10 9 

19 3 

Richland acre alkali soil leached 4* 15 T. manure. 


6 0 

26 9 

Richland acre alkali soil 4- soil extract . 


25.2 

11.2 

Richland acre alkali soil leached 4* soil extract 


13 7 

10 8 


nitrifying powers which probably comes from the improved physical condition 
of the soil, as it is apparent that aeration is much better in the manured than 
in the unmanured soil. 

Sodium carbonate is more toxic when measured in terms of nitrification 
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than is either the chloride or the sulfate. The carbonate reduced nitrification 
to 7 per cent normal, the chloride to 12 per cent normal, and the sulfate to 47 
per cent normal. 

The percentage reduction of ammonification and nitrification for chlorides 
and sulfates is not far different, but the reduction of nitrification is much more 
pronounced in the presence of carbonates than is the reduction of ammonifica- 
tion. There are probably two factors involved: 1. Probably the nitrifying 
organisms are more sensitive to sodium carbonate than are the ammonifiers. 
2. The nitrifying process is strictly aerobic, whereas ammonification may 
proceed under either aerobic or anaerobic conditions, and soil which contains 
sodium carbonate is in a very poor state of tilth. 

Even after leaching, the soil shows very low nitrifying power. Neither the 
soil extract nor the manure is effective in restoring nitrification. It is evident 
that the soil must have some preliminary treatment before leaching and after¬ 
wards receive soil and manure—the first to inoculate, the second to improve 
tilth. 


NITROGEN FIXATION 

The nitrogen-fixing power of the soil was determined by the tumbler method. 
One-hundred-gram portions of the soil were weighed into sterile, covered 
tumblers. To each of these was added 1.5 gm. of lactose. This was carefully 
mixed and sufficient sterile distilled water added to bring the moisture up to 
18 per cent. Each soil together with sterile blanks was incubated for21days 
at 28 to 30°C. after which the nitrogen was determined by the Gunning method 
revised to include nitrates (5). In every case four or more determinations 
were made on the soil from each pot. Hence, the results as given in the tables 
are the averages of eight determinations made on two similarly treated pots. 
In table 13 the results are given for the sodium-chloride-treated soil. 

The direct leaching of the untreated soil has no measurable influence cn the 
nitrogen-fixing power of the soil. The soil which had received 2 per cent 
sodium chloride and which was then leached showed increased nitrogen-fixing 
power. This is also true where the mixture of salts had been leached from the 
soil. The only fact which appears clear from these results is that the alkali- 
leached soil gains more rapidly in nitrogen when incubated than the untreated 
or alkali-containing soil. There is no evidence that the nitrogen fixers had 
been destroyed in the synthetic soils by the alkalies, as with one exception no 
benefit was derived from the use of manure or soil extract. 

On the contrary, in the natural Corinne alkali soil, no gains of nitrogen were 
noted until this soil had been inoculated with soil extract containing the 
azotobacter. 

The determination made in 1921 showed a loss of nitrogen in the sodium- 
sulfate-treated soil. In every determination made later the alkali-containing 
and the leached soil showed unmistakable evidence of gains in nitrogen. This 
is true in both the natural and synthetic alkali soil. There is no evidence that 
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the soil extract or manure is beneficial. It is evident that the nitrogen fixers 
survive this concentration of alkali, and when the salt is removed function 
more rapidly than they did before, probably on account of the absence of 


TABLE 12 

Nitric nitrogen produced in 100 gm. of soil during 21 days * incubation with and without 

sodium carbonate 


TREATMENT 

AMOUNT OP NITRIC NITROGEN FORMED 

1921 

July, 1922 

August, 

1923 


mgm. 

mgm 

mgm. 

Untreated soil . 

40 6 

56 3 

53 2 

Soil leached .... . 

46 2 

53.9 

62 0 

Soil leached -f 15 T. manure. 


53 2 

109 5 

Soil leached 4* soil extract 


43 8 

45 5 

Soil 2 per cent Na 2 C0 3 ... .... 

6 3 

0.7 

3 5 

Soil -f 2 per cent Na 2 C0 3 leached . 

2 1 

2.4 

3 2 

Soil 4* 2 per cent Na 2 CO a 4 15 T. manure 


1 4 

1 7 

Soil 4" 2 per cent Na 2 C0 3 leached 4 15 T. manure 


3 5 

1 4 

Soil 4* 2 per cent Na 2 CO a 4- soil extract . .... 


1 4 

2 5 

Soil 4 2 per cent Na 2 C0 3 leached 4 soil extract 


4 5 

1 7 

Soil 4 1 per cent each Na 2 CO a , NaCl . 

4 9 

4 5 

7 7 

Soil 4 1 per cent each Na 2 C0 3 , NaCl leached 

2 8 

3 5 

3 5 

Soil 4 1 per cent each Na 2 CO a , NaCl leached 4 15 T. 
manure . . 


4 2 

21 0 

Soil 4 1 per cent each Na 2 C0 3 , NaCl leached 4 soil 
extract. . . 


2 8 

2 8 

Soil 4 1 per cent each Na 2 C0 3 , Na 2 S 04 . 

4 2 

3 2 

4 8 

Soil 4 1 per cent each Na 2 C0 3 , Na 2 S0 4 , leached . 

1.7 

2 8 

3 5 

Soil 4 1 per cent each Na 2 C0 3 , Na 2 S 04 , leached 4 15 
T. manure .... . 


4 9 

7.7 

Soil 4 1 per cent each Na 2 C0 3> Na 2 S 04 leached 4 soil 
extract. . 


40 9 

1 4 

Soil 4 0.66 per cent each Na 2 ('0 3 , Na 2 SG 4 4 NaCl 

1.4 

33 5 

23 8 

Soil 4 0.66 per cent each Na 2 COa, Na 2 S0 4 4 NaCl leached. 

46 9 

64 7 

87.2 

Soil 4 0.66 per cent each Na 2 CO a> Na 2 S 04 4 NaCl leached. 
4 15 T. manure. 


74.2 

72 8 

Soil 4 0.66 per cent each Na 2 C0 3 , Na 2 S0 4 leached 4 soil 
extract .. 

! 

73 2 

59.6 

Benson alkali soil .. . 

2.8 

1 7 

1.7 

Benson alkali soil 4 15 T. manure. 


2 4 

1.0 

Benson alkali soil leached. 

2.4 

4.9 

1.4 

Benson alkali soil leached 4 15 T. manure . 


1 7 

2 8 

Bensoil alkali soil 4 soil extract . 


1 1 

4.5 

Benson alkali soil leached and soil extract . 


1 1 

3 2 


competitive microorganisms. The results for the carbonates are given in 
table 15. 

The sodium-carbonate-treated soil loses nitrogen about to the same extent 
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as the original soil, but when manure is added to such a soil the loss becomes 
very great, indicating a very perceptible denitrification. Such a soil, however, 
after being leached, although only 24 per cent of the carbonates had been 

TABLE 13 

Nitrogen fixed during 21 days in 100 gm. of soil to which had been added 1.5 per cent lactose with 
and without sodium chloride treatment 

OF NITROGEN FIXED 

July, 1922 


mgm. ingin. mgm. 

Untreated soil. —6.3 —0.8 10.5 

Soil leached. 0.0 —12 4 2.3 

Soil leached 4“ 15 T. manure . —44 3.5 

Soil leached-h soil extract . —9.6 3.2 

Soil + 2 per cent NaCl . —5 6 1.4 —4.4 

Soil + 2 per cent NaCl leached . 2.8 4.2 2.3 

Soil -f- 2 per cent NaCl + 15 T. manure . —164 —58 

Soil + 2 per cent NaCl leached -f* 15 T. manure. —23 10.3 

Soil + 2 per cent NaCl -f soil extract . —8.5 —51 

Soil 4- 2 per cent NaCl leached + soil extract . —92 —1.0 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 . 7.0 —4.2 12 4 


Soil *4- 1 per cent each NaCl, Na 2 S0 4 leached. 98 1.1 65 

Soil 4- 1 per cent each NaCl, Na 2 SQ 4 leached 4-15 T. manure. —2.0 — 1 4 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 4- soil extract —01 33 

Soil 4- 1 per cent each NaCl, Na 2 C0 3 . 5 6 —0 2 —3 3 


Soil 4~ 1 per cent each NaCl, Na 2 C0 3 leached . 11.2 58 8.9 

Soil 4“ 1 per cent each NaCl, Na 2 CO s leached 4“ 15 T. 

manure. 13 8 5.1 

Soil 4- 1 per cent each NaCl, Na 2 CO s leached 4-, soil 

extract. . . 3 6 1.8 

Soil 4- 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 CO s . 28 2.8 0.7 

Soil 4“ 0.66 per cent each NaCl, Na 2 SG 4 , Na 2 C0 3 leached. 10.0 3.3 1.1 

Soil -f 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 4- 15 T. 

manure. 5.5 7.3 

Soil 4“ 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 8 4“ soil ex¬ 
tract . 5.5 5.9 

Corinne alkali soil. 4.1 0.9 1.8 

Corinne alkali soil 4- 15 T. manure. —0.3 4.2 

Corinne alkali soil leached . 0.0 —1.8 0.3 

Corinne alkali soil leached 4- 15 T. manure . —2 6 0.3 

Corinne alkali soil 4“ soil extract. 9 9 22.1 

Corinne alkali soil leached 4“ soil extract. 1.4 1.0 


August, 

1923 



removed, fixed marked quantities of nitrogen. This is also true in the natural 
alkali soil, in which sodium carbonate has been present for years. It is evident 
from these results that the nitrogen-fixing organisms are very resistant to 
alkali, as was earlier found by the direct tumbler method (4). 

In order to obtain more definite information on this subject, leached and 
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unleached soils were inoculated into 100 cc. of Ashby solution, incubated 21 
days, and the nitrogen was determined. The average results of eight deter¬ 
minations made in 1923 are given in table 16. 


TABLE 14 

Nitrogen fixed during 21 days in 100 grn. of soil to which had been added 1.5 per cent lactose 

with and without sulfates 


1REATMF.N I* 

AMOUNT OF NITROGEN FIXED 

1921 

July, 1922 

August, 

1923 


mgm. 

mgm. 

mgm. 

Untreated . 

-6 3 

-0 8 

10 5 

Soil leached. . 


■—12 4 

2 3 

Soil leached 4 15 T. manure . 


-4 4 

3.5 

Soil leached 4 soil extract . 


-9 6 

3 2 

Soil + 2 per cent Na 2 S0 4 . 

-5 6 

3 4 

3 8 

Soil 4- 2 per centNa 2 S04 leached . 

5.6 

2 6 

0 7 

Soil 4 2 per cent Na 2 S0 4 4 15 T. manure. 


6.1 

0 5 

Soil 4- 2 per cent Na 2 S0 4 leached 4- 15 T. manure . 


5 7 

4.8 

Soil 4- 2 per cent Na 2 S0 4 4- soil extract 


6 0 

1 4 

Soil 4- 2 per cent Na 2 S0 4 leached 4 soil extract ... 


2 0 

2 8 

Soil 4- 1 per cent each Na 2 SC) 4 , NaCl . 

7 0 

-4 2 

12 4 

Soil 4- 1 per cent each Na 2 S0 4 , NaCl leached 

9 8 

1 1 

6 5 

Soil 4 1 per cent each Na 2 S0 4 , NaCl leached 4 15 T. 
manure . • . 


—2 0 

-1 4 

Soil 4 1 per cent each Na 2 S0 4 , NaCl leached 4 soil 
extract . 


-0 1 

3 3 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 C 03 . 

0 7 

-0 9 

-6 6 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 C0 3 leached .... 

1 4 

7.7 

13 3 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 COs leached 4 15 
T. manure . 


-0 6 

8 3 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 C0 3 leached 4 soil 
extract . 


5 2 

3 4 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 COs ... . 

2 8 

2 8 

0.7 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 COs leached.. 

10.0 

3 3 

1.1 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 CO« leached 4 
15 T. manure. 


5.5 

7.3 

Soil 4 0.66 per cent each Na 2 S0 4 , NaCl, Na 2 COa leached 4 
soil extract . 


5 5 

5.9 

Richland acre alkali soil . 


3 9 

8.3 

Richland acre alkali soil 4 15 T. manure . 


1 9 

7.9 

Richland acre alkali soil leached . 


6.1 

4.2 

Richland acre alkali soil leached 4 15 T. manure. 


1.1 

7.4 

Richland acre alkali soil 4 soil extract . 


3.4 

7.2 

Richland acre alkali soil leached 4 soil extract .... 


1.8 

8 6 


All of these soils when seeded into Asby solution fixed measurable quantities 
of nitrogen, thus substantiating the conclusion previously published (3), 
that the nitrogen-fixing organisms are much more resistant to soil alkalies than 
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are either the ammonifiers or nitrifiers. The results are more concordant with 
the solution than with the soil. It is significant that the leached soil invariably 
fixes more nitrogen than does the unleached soil. The fixation in the untreated 


TABLE 15 

Nitrogen fixed during 21 days in 100 gm. of soil to which had been added 1.5 per cent lactose with 

and without sodium carbonate 


1 

! 

AMOUNT OF NITROGEN FIXED 

TREATMENT 

1 

I 

1921 

July, 1922 

August, 

1923 


mgm. 

tngm. 

mgm. 

Untreated soil . . 

-6 3 

-0.8 

10 5 

Soil leached . 

0 0 

-12 4 

2 3 

Soil leached + 15 T. manure . . 


-4 4 

3.5 

Soil leached 4* soil extract ... .... 


-9 6 

3 2 

Soil + 2 per cent Na 2 C0 3 .. . 


-4.8 

-1.0 

Soil -f 2 per cent Na 2 C() 3 leached . 


4 3 

4 2 

Soil 4- 2 per cent Na 2 C0 3 4* 15 T. manure . . . 


-31 0 

-5 2 

Soil 4- 2 per cent Na 2 C0 3 leached 4- 15 T. manure 


3 6 

8 3 

Soil 4* 2 per cent Na 2 C0 3 + soil extract ... 


-1 8 

2 8 

Soil 4- 2 per cent Na 2 C0 3 leached 4" soil extract. 


1 8 

1.4 

Soil 4- 1 per cent each Na 2 C0 3 , NaCl . 

5.6 

-0.2 

-3 3 

Soil 4- 1 per cent each Na 2 C0 3 , NaCl leached .... 

11 2 

5 8 

8 9 

Soil 4- 1 per cent each Na 2 C0 3 , NaCl leached 4- 15 T. 
manure. 


13 8 

5 1 * 

Soil 4* 1 per cent each Na 2 C0 3 , NaCl leached 4- soil 
extract . . 


3 6 

1 8 

Soil 4” 1 per cent each Na 2 C0 3 , Na 2 S 04 . 

0 7 

-0 9 

-6 6 

Soil 4~ 1 per cent each Na 2 C0 3 , Na 2 S0 4 leached .. 

1 4 

7.7 

13 3 

Soil 4“ 1 per cent each Na 2 C0 3 , Na 2 S0 4 leached 4- 15 
T. manure. 


-0 6 

8 3 

Soil 4- 1 per cent each Na 2 C0 3 , Na 2 S 04 leached -f soil 
extract . 


5.2 

3 4 

Soil 4“ 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 S0 4 . . . 

2 8 

2 8 

0 7 

Soil 4- 0.66 per cent each Na 2 C0 3> NaCl, Na 2 S0 4 leached. 

10.0 

3 3 

1.1 

Soil 4- 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 S0 4 leached 4- 
15 T. manure. 


5.5 

7.3 

Soil 4- 0.66 per cent each Na 2 C0 3 , NaCl, Na 2 S0 4 leached 4“ 
soil extract. 


5 5 

5 9 

Benson alkali soil. 


-0.9 

-0.8 

Benson alkali soil 4* 15 T. manure. 


-4 8 

-2.3 

Benson alkali soil leached. 


5.1 

3 6 

Benson alkali soil leached 4" 15 T. manure . 


11.0 

7 0 

Benson alkali soil 4* soil extract . 


0 4 

0.9 

Benson alkali soil leached 4- soil extract. 


5 1 

3 6 


and in the sodium-sulfate-treated leached soil is greater than in the natural 
soil. The fixation in the carbonate-containing soil is low but the results point 
clearly to the conclusion that nitrogen fixers survive this concentration of 
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alkali. Even the native alkali soil, in which the salts had been present for 
years readily induced nitrogen fixation after leaching. 

Characteristic azotobacter films occurred in Ashby solutions inoculated with 
leached and non-leached normal soil, in leached soil which had contained 
sodium sulfate, and in the natural sodium sulfate soil (Richland acre soil). 
In fact, the membrane formed earlier and was darker in the presence of sodium 
sulfate than in its absence. The azotobacter was recovered from the solutions 
producing typical membranes. Thus far the author has failed to recover 
azotobacter from the other soils. Hence the question arises: What are the 


TABLE 16 

Nitrogen fixed in 100 cc. Ashby solution in 21 days. Inoculated with 1 gm. soil , spring 1924 


TREATMENT 

AMOUNT 

OF NITROGEN 
FIXED 

EXCESS FIXED 
BY LEACHED 


mgm. 

tngm. 

Soil untreated . 

8 38 


Soil leached . 

10 03 

1 92 

Soil 4 2 per cent NaCl . 

4.67 


Soil 4 2 per cent NaCl leached . 

8.12 

3 45 

Soil 4- 2 per cent Na 2 S0 4 . 

6 39 


Soil 4 2 per cent Na 2 S0 4 leached . 

9 61 

3.22 

Soil 4* 2 per cent Na 2 CO* . 

1.11 


Soil 4 2 per cent Na 2 C0 8 leached . 

3 36 

2.25 

Soil + 1 per cent each NaCl, Na' 2 S0 4 . 

5.51 


Soil 4 1 per cent each NaCl, Na 2 S0 4 leached. 

6.15 

0 64 

Soil 4 1 per cent each NaCl Na 2 S0 4 . 

5.51 


Soil 4 1 per cent each NaCl, Na*S0 4 leached. 

7 33 

1 82 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 CO a . 

5.83 


Soil 4 1 per cent each Na 2 S0 4 , Na 2 CO« leached. 

8.49 

2.66 

Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 COa. 

6.07 


Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 COs leached . .. 

6.21 

0 14 

Corinne alkali soil. 

1.40 


Corinne alkali soil leached. 

1.42 

0.02 

Richland acre alkali soil. 

4.62 


Richland acre alkali soil leached. 

4.39 

—0.23 

Benson alkali soil. 

0.51 


Benson alkali soil leached . 

3.76 

3 25 


organisms which are fixing nitrogen in these salt-containing soils? Is it possi¬ 
ble that the anaerobic species Clostridium play an important rdle? 

In table 17 is given the percentage loss or gain of nitrogen from the various 
soils. The total nitrogen was determined in the soil of each pot at the end of 
the leaching period. This in each case was taken as 100. The total nitrogen 
was redetermined at the end of two years. In the first column is given the 
percentage loss or gain from the specific soil during the two years; in the second 
column is given the total nitrogen removed in the crop; and in the third is given 
the gross percentage gain or loss of nitrogen. In interpreting these results one 
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must remember that one crop was the legume, crimson clover. Nodules wer 
found on the clover grown on the untreated soil, on all of the soil which had 
received the soil extract, and on all of the soil containing the sulfates. In other 
words, the legume organisms were proved to be present in all of the soils which 
yielded positive tests for azotobacter. 

The untreated soil lost nearly ten per cent of its nitrogen, and even after 
allowance has been made for the nitrogen removed in the plant there is still a 
loss of 2.47 per cent of the total nitrogen. This is not experimental error, as 


TABLE 17 

Loss or gain of total nitrogen in pot 


TREATMENT 

LO^S 

OR GAIN OF 
TOTAL N 
DURING 2 
YEARS 

TOTAL N 
REMOVED IN j 
2 CROPS 

N 

RECOVERED 
AT END 

OF 2 YEARS 
IN SOIL 
AND CROP 


per cent 

per cent 

per cent 

Soil untreated . 

-9 50 

98.1 

-2 47 

Soil leached no alkali . 

—3 27 

153.0 

8 42 

Soil -|- 2 per cent NaCl . 

5 07 


5 07 

Soil 4* 2 per cent NaCl leached. 

-2.90 

99.9 

5.35 

Soil + 2 per cent Na 2 S0 4 . 

5 66 

8 1 

6 29 

Soil 4- 2 per cent Na 2 S0 4 leached . 

2 07 

75 6 

8 52 

Soil 4- 2 per cent NasCOs ... . 

-17 98 


-17 98 

Soil 4- 2 per cent Na 2 C0 8 leached . 

0 99 

4 5 

1.51 

Soil 4- 1 per cent each NaCl, Na 2 S0 4 . 

0 66 


0 66 

Soil 4- 1 per cent each NaCl Na 2 SG 4 leached ... 

2 52 

65 6 

9 17 

Soil 4" 1 per cent each NaCl, Na 2 C0 8 . 

6 90 


6 90 

Soil 4* 1 per cent each NaCl, Na 2 COa leached. 

3 57 

6 4 

4 32 

Soil 4* 1 per cent each Na 2 S0 4 , Na 2 CO s . 

3 63 


3 63 

Soil 4- 1 per cent each Na 2 S0 4 , Na 2 C0 8 leached . 

-9.23 

5.6 

-8.62 

Soil 4- 0.66 per cent each NaCl, Na 2 S 04 , Na 2 C0 8 . 

7.22 


7.22 

Soil 4" 0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 8 leached 

15 27 

24 0 

12 81 

Corinne alkali soil . 

7 07 


7.07 

Corinne alkali soil leached. 

17 77 

■K*X9 

18.77 

Richland acre soil. 

2 77 

IKf 1 

2.80 

Richland acre soil leached. 

11 09 


i 11 12 

Benson alkali soil. 

2.61 


2 61 

Benson alkali soil leached. 

34.53 

■3 

36 30 


each sampling was thorough, and represented the nitrogen in thes oil. More¬ 
over it manifested itself in the duplicate pots and would have to be recorded 
as an unknown loss, possibly denitrification. Only two other soils showed a 
loss, the one receiving sodium carbonate and the one receiving a mixture of 
sodium carbonate and sodium sulfate. In all but two cases the leached soil 
gained in nitrogen faster than did the unleached and in the case of the native 
alkali soil the gain was great. 

In table 18 is given an inventory of the nitrogen of the various soils, cal¬ 
culated as pounds per acre. 
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Every soil except three registered a gain in total nitrogen, and all except 
five showed an actual gain in the soil. The leached in nearly every case made 
greater gains than did the unleached. The soil in which there was a mixture 
of the three salts gained more than did any of the other soils. The native 
alkali soil when leached, gained nitrogen rapidly. This was greatest where 
the predominating alkali was sodium carbonate and least where it was sodium 
sulfate. These results are significant in showing that alkali does actually 


TABLE 18 

Weight of total nitrogen in each acre 


TREATMENT 

AT TP R 

L* ACHING 

LOSS THROUGH LEACHING 

TOTAL 
LOSS OR 
GATN FROM; 
SOIL 

DURING 2 
YEARS 

Bv 

difference 

Calculated 

from 

recovered 

N 


pounds 

pound v 

pounds 

pounds 

Normal soil . 

5,397 



-512 

Normal soil leached. 

5,040 

-357 

-48 

-165 

2 per cent NaCl. 

5,040 



256 

2 per cent NaCl leached. 

4,839 

-201 

-223 

-140 

2 per cent Na 2 S0 4 . 

5,090 



288 

2 per cent Na 2 S0 4 leached . . 

4,687 

-403 

-112 

97 

2 per cent Na 2 COs. 

4,184 



-752 

2 per cent Na 2 C0 8 leached . 

3,578 

-606 

-1066 

35 

1 per cent each NaCl, Na 2 S0 4 - .... 

4,334 



29 

1 per cent each NaCl, Na„S0 4 leached . 

4,435 

101 

-199 

112 

1 per cent each NaCl Na 2 C0 8 . 

4,536 



313 

1 per cent each NaCl Na 2 C0 3 leached . . . 

3,830 

-706 

-379 

137 

1 per cent each Na 2 S0 4 , Na 2 CO» . 

4,662 



169 

1 per cent each Na^SO*, Na 2 C0 3 leached . ... 

4,133 

-529 

-438 

-381 

0.66 per cent each NaCl, Na 2 S0 4 , Na 2 C0 3 

4,536 



327 

0.66 per cent each NaCl, Na 2 S0 4 , Na 2 CO ? , 





leached . 

4,385 

-151 

-269 

670 

Corinne soil . 

4,738 



335 

Corinne soil leached. 

4,334 

-404 

-134 

770 

Richland acre. . 

10,764 
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Richland acre leached. 

10,300 

-464 

-90 

1142 

Renson soil . 

2,066 



54 

Benson soil leached . 

1.210 

-856 

-507 

418 


cause a measurable gain of nitrogen in a soil and that the gain is in the same 
order as was found by the tumbler method. 

The soil was shoveled direct from the field into the pots, hence the first 
accurate knowledge we have of the nitrogen content of each pot is that given 
in the first column. This was obtained by a careful analysis of the soil of each 
individual pot made at the close of the leaching period. The results given 
in the second column represent the loss due to leaching. They are based on 
the assumption that the two soils, leached and non-leached, contained soil 
of the same nitrogen content at the time they were put into the pots. 
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In column three is given the loss of nitrogen as calculated from the drain 
water. These two sets of results do not agree, nor should one expect them 
to for the following reasons: 

1. Nitrogen fixation may have been greater in the leached than in the non-leached; hence, 
the leach water may carry nitrogen although the soil registers no loss in total nitrogen. 

2. All of the nitrogen removed from the soil may not appear in the drain waters. The 
leaching soil filled with water has conditions ideal for denitrification, hence some of the 
nitrogen may disappear as gaseous nitrogen. 

It is evident from the results that leaching has carried from the soil con¬ 
siderable nitrogen. This is greatest, as would be expected, where sodium 
carbonate is present. 

The gain recorded in the second column where the sulfate and chloride were 
present should not be taken to indicate that no nitrogen was carried from the 
soil but that the gain due to fixation more than offset the loss due to leaching. 
Hence, the loss through leaching is the sum of the difference between the two 
soils plus the excess fixation in the leached soil. 

The results given in the fourth column represent the gain or loss of nitrogen 
from these soils during two years. They are based on analysis of representative 
samples made in 1921 and again in 1923, and calculated to the dry basis. 

It is certain from these results that some salts stimulate nitrogen fixation. 
The untreated soil registers a loss, whereas most of the alkali soils show a gain. 
The gain occurs in most cases more rapidly in the leached than in the non- 
leached soil, but even the alkali-containing soil shows measurable increases of 
nitrogen. The greatest gain is in the sulfate-containing soil. This is signifi¬ 
cant when it is recalled that it was from these soils that the azotobacter were 
recovered. Moreover it is clear that certain, as yet undetermined concentra¬ 
tions of various salts accelerate nitrogen fixation in soils. 

CROP YIELDS FROM SOIL 

The total dry weight and nitrogen in both the stalks and roots of the clover 
are given in table 19. Where no results are reported for a specific treatment 
it indicates that no crop grew on that soil. The results as reported are the 
averages for pots receiving the same treatment. 

The leaching of the soil increased the total dry matter in the clover tops 38 
per cent and in the roots 190 per cent. The total nitrogen is greatly increased, 
but the percentage of nitrogen in both roots and tops is decreased. The total 
dry matter is increased by both soil extract and manure over that in the 
leached soil; moreover, it is increased to the same extent by the soil extract 
as by the manure. 

The soil containing 2 per cent of sodium chloride produced no crop. After 
being leached and treated with farmyard manure, the crop nearly equals that 
produced by the original soil. Here the manure is more effective than the soil 
extract, probably because of its ability to combine with and neutralize to a 
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TABLE 19 

Weight of dry matter , total nitrogen , and percentage of nitrogen in clover roots and 
tops on various alkali soils 


TREATMENT 


Soil untreated . 

Soil leached. 

Soil leached -f 15 T. manure . 

Soil leached + soil extract . 

Soil -f- 2 per cent NaCl, leached 

Soil + 2 per cent NaCl, leached + 15 T. 

manure . 

Soil 4* 2 per cent NaCl, leached + soil ex¬ 
tract . 

Soil + 2 per cent Na 2 S0 4 . 

Soil 4- 2 per cent Na 2 S0 4 leached . 

Soil 4 2 per cent Na 2 S0 4 + 15 T. manure. . . 
Soil 4” 2 per cent Na*S0 4 leached 4 15 T. 

manure . 

Soil 4 2 per cent Na 2 S0 4 leached 4 soil 

extract . 

Soil 4 2 per cent Na 2 COa leached. 

Soil 4 2 per cent Na 2 COs leached 4 15 T. 

manure . 

Soil 4 2 per cent Na 2 COs leached 4 soil 

extract. 

Soil 4 1 per cent each Na 2 S0 4 , NaCl leached 
Soil 4 1 per cent each Na«S0 4 , NaCl leacehd 4 

15 T. manure. 

Soil 4 1 per cent each Na 2 S0 4 , NaCl leached 4 

soil extract. 

Soil 4 1 per cent each Na 2 COa, NaCl leached 
Soil 4 1 per cent each Na*CO*, NaCl leached 4- 

15 T. manure . 

Soil 4 1 percent each Na*CO*, NaCl leached 4 

soil extract. 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 COa leached 

4 15 T. manure. 

Soil 4 1 per cent each NajS0 4 , Na 2 COs leached 

4 soil extract. 

Soil 4 0.66 per cent each Na 2 COi, Na 2 S0 4 , NaCl 

leached. 

Soil 4 0.66 per cent each Na*COj, NasS0 4 , NaCl 

leached 4 15 T. manure. 

Soil 4 0.66 per cent each Na 2 COs, Na 2 S0 4 , NaCl 

leached 4 soil extract . 

Corinne alkali soil leached. 


ROOTS 

TOPS 

Weight 

dry 

matter 

Total 

N 

Total 

N 

Weight 

dry 

matter 

Total 

N 

Total 

N 

mgm. 

per cent 

mgm 

mgm 

per tent 

mgm. 

16 38 

2 93 

480 

2 23 

2 51 

56 

22 65 

2 73 

618 

6 40 

2 16 

138 

27 74 

2 76 

766 

5 26 

2 36 

124 

28 26 

2 80 

791 

4 91 

2 13 

105 

13 99 

3 10 

434 

2 86 

2 46 

70 

15.25 

3.23 

493 

3.11 

2 67 

00 

mis 

3 84 

403 

2 45 

2 92 

72 

m!wz\ 

3 31 

8 




| 17 55 

2 82 

495 

3 35 

2 21 

74 

4 77 

3 37 

161 

2 57 

2 58 

66 

19 47 

3 48 

330 

1 73 

2 61 

45 

19 65 

3 92 

770 

1 06 

2 60 

28 

0 27 

3 41 

9 

0 12 

3 22 

4 

1 69 

4.56 

76 

0 74 

2 51 

19 

0 73 

4 58 

33 

0 22 

3 40 

8 

9 02 

3.71 

334 

0 92 

2.88 

27 

7.96 

3.47 

276 

1.12 

3 01 

34 

16.85 

3 03 

511 

2 36 

2.52 

60 

0.01 

5 35 

1 




6.63 

2 59 

172 

4.42 

2.46 

109 


4.70 

29 

0.40 

2 80 

11 

3.50 

4.10 

144 

0.42 

3.06 

13 


4 07 

33 

0.38 

2.70 

10 

1.80 

4.34 

78 

0.40 

■ 

3.62 

15 

6.88 

3.27 

225 

0.69 

2.49 

17 

3.35 

4.01 

134 

0.45 

2.01 

9 

6.13 

2.85 

175 

1.25 

1.81 

23 
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TABLE 19 —Continued 


TREATMENT 


Corinne alkali soil leached + 15 T. manure 

Richland acre soil . 

Richland acre soil -f 15 T. manure. 

Richland acre soil leached . 

Richland acre soil leached + 15 T. manure... 

Benson alkali soil leached . 

Benson alkali soil leached 4* 15 T. manure . . 
Benson alkali soil leached -f soil extract 


ROOTS 

TOPS 

Weight 

dry 

matter 

Total 

N 

Total 

N 

Weight 

dry 

matter 



mgm 

Per 'ent 

mgm 

mgm. 

per cent 

mgm . 

7 14 

2 80 

200 

0 36 

2 11 

8 

0 59 

2 89 

171 




0 41 

3 59 

15 




0 07 

4 38 

3 




0 20 

4 81 

9 




0 35 

2 08 

7 




2 40 

3 97 

95 




0 26 

2 85 

7 





limited extent the soluble salts. The percentage of nitrogen in the plants 
grown on the alkali soil is considerably higher than that in the plants grown 
on the normal soil. 

The sodium-sulfate-carrying soil produced only one weak plant, but when 
this same soil received 15 tons of manure it produced only one-fourth as much 
as the normal soil. The leaching of the soil brought it back to normal. Leach¬ 
ing and the addition of manure increase the crop to above normal. Here also 
there is an increase in the percentage of nitrogen in the plants due to the alkali. 

The sodium-carbonate-treated soil produced no crop even after leaching, 
and it was meager even after manure had been applied to the soil. 

The mixture of sodium chloride and sodium sulfate prevented all growth, and 
leaching was ineffective in bringing it back to normal. The manure and soil 
extract, however, made the soil productive. Similar results were obtained 
where the mixture of the three salts was used. The results clearly indicate 
carbonate to be most toxic and sulfate least—the same order as was found for 
the bacteria. 

It is quite evident from these results that the natural alkali soil is much 
harder to reclaim than is the synthetic alkali soil. This is due to recognized 
physical and chemical differences in these soils, and these results indicate that 
there are also biological differences. 

The conclusions which seem warranted from these results are: 

1. Black alkali soil is very difficult to reclaim; in these experiments none of the black alkali 
soil was restored to producing normal yields. 2. Organic manures are essential in reclaiming 
alkali soil even where leaching is used. Furthermore some alkali-containing soils can be made 
to produce fair crops by the addition of manure. 3. Crops grown on alkali soil are higher in 
nitrogen than are those grown on non-alkali soil. 4. The dry matter in the clover tops was 
4.2 times that in the roots. 5. There was nearly five times as much nitrogen in the tops as 
in the roots. This is considerably higher in the hay than is the value reported by others (7). 

The average results for barley are given in table 20. 

In every case except two, the leached soil produced more barley than did 
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TABLE 20 

Weight of dry matter, total nitrogen, and percentage of nitrogen in straw and barley grain 

on the various alkali soils 


TREATMENT 


Untreated soil . 

Soil leached . 

Soil leached + 15 T. manure . 

Soil leached + soil extract . 

Soil + 2 per cent NaOl 
Soil ■+■ 2 per cent NaCl leached . . 

Soil H- 2 per cent NaCl 4* 15 T. manure . . 
Soil -J- 2 per cent NaCl leached 4 15 T. 

manure . 

Soil 4 2 per cent NaCl 4 soil extract 
Soil 4 2 per cent NaCl leached 4 soil ex¬ 
tract ... . . 

Soil 4 2 per cent Na 2 S0 4 ... 

Soil 4 2 per cent Na 2 S0 4 leached 

Soil 2 per cent Na 2 S0 4 4 15 T. manure 

Soil 4* 2 per cent Na 2 S0 4 leached 4 15 T. 

manure . 

Soil 4- 2 per cent Na 2 S0 4 4 soil extract 
Soil 4 2 per cent Na 2 S 04 leached 4 soil ex¬ 
tract . 

Soil 4 2 per cent Na 2 C0 3 leached 

Soil 4- 2 per cent Na 2 C0 3 leached 4 15 T. 

manure . . 

Soil 4 2 per cent Na 2 COs leached 4 soil ex¬ 
tract . . 

Soil 4 1 per cent each NaCl, Na 2 SC )4 .. 

Soil 4 1 per cent each NaCl, Na 2 S0 4 leached 
Soil 4 1 per cent each NaCl, Na 2 S0 4 leached 4 

15 T. manure. 

Soil 4 1 per cent each NaCl, Na 2 SG 4 , leached 4 

soil extract . 

Soil 4 1 per cent each NaCl, Na 2 CC >3 . 

Soil -f 1 per cent each NaCl, Na 2 C03 leached 
Soil 4 1 per cent each NaCl, Na 2 COa leached 4 

15 T. manure. 

Soil 4 1 per cent each NaCl, Na 2 C0 3 leached 4 

soil extract. 

Soil 4 1 per cent each Na 2 S0 4 , Na 2 CC >3 
Soil 4* 1 per cent each Na 2 S 04 , Na 2 CO* leached. 
Soil 4 1 per cent each Na 2 S0 4 , Na 2 C0 4 leached 
15 T, manure . 


STRAW 

GRAIN 

Weight 

dry 

matter 

Total 

N 

Total 

N 

Weight 

dry 

matter 

Total 

N 

Total 

N 

1 

mgm. 

per cent 

mgm. 

mgm 

per cent 

mgm. 

7 1 

1.09 

77 

2 4 

2.13 

51 

7 1 

0 92 

65 

3 1 

2 18 

68 

10 7 

1.35 

144 

3 3 

2 44 

81 

8 3 

0 83 

69 

1 9 

2 31 

44 

6 4 

2 16 

138 

0 4 

3 92 

16 

8 5 

0 96 

82 

2 9 

2 41 

70 

6 6 

1 86 

123 

1 0 

3 28 

33 

9 3 

1 07 

100 

4 2 

2 45 

103 

5 0 

1 43 

72 

2 0 

2 78 

56 

14 3 

1 33 

190 

2 8 

2 67 

75 

5 9 

1 20 

71 

2 8 

2 16 

61 

15 1 

2 20 

332 

2 8 

3 12 

87 

15 5 

2 20 

341 

3 2 

3 46 

111 

17 8 

1 68 j 

299 

2 4 

2 76 

66 

15.5 

1 85 

j 

287 

2 3 

3 18 

73 

17 5 

2 10 

368 

2 6 

2 85 

74 

2 4 

! 1 33 

32 

0 2 

3 56 

7 

13 3 

1 71 


2.3 

2 81 

65 

6 1 

1 75 


I 2 1 

2.01 

42 

6 3 

1 55 

98 

1 2 

2 92 

35 

11 2 

1 33 

149 

2 6 

2.63 

68 

9 3 

1 54 

143 

2 0 

2.76 

' 

55 

7 4 

0 90 

67 

2 8 

2 17 

61 

1 6 

2 24 

36 

0 1 

2 62 

3 

9.1 

1.45 

132 

0 6 

3 23 

19 

11.6 

1 18 

137 

2 5 

2.50 

63 

11 27 

0 93 

105 

3.6 

2.23 

80 

3.2 

3.17 

101 




1.7 

1.35 

23 

1.8 

2.46 

44 

n 

1 27 

154 

3.4 

2 45 

83 
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TABLE 20— Continued 


TREATMENT 


Soil 4 1 per cent each Na 2 S0 4 , Na 2 COs leached 

4 soil extract. 

Soil + 0.66 per cent each NaCl, Na 2 S0 4 , 

Na 2 C0 3 . 

Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , 

Na 2 C0 3 , leached. ... 

Soil 4 0.66 per cent each NaCl, Na 2 S0 4 , 

Na 2 C0 3 +15 T. manure . 

Soil -f 0.66 per cent each NaCl, Na 2 S0 4 , 

Na 2 C0 3 4- soil extract . 

Corinne soil . 

Corinne soil 4- 15 T. manure ... 

Corinne soil leached . 

Corinne soil leached 4- 15 T. manure 

Corinne soil 4 soil extract . 

Corinne soil leached 4 soil extract. 

Richland acre soil . 

Richland acre soil 4 15 T. manure. 

Richland acre soil leached . ... 

Richland acre soil leached 4 15 T. manure . 

Richland acre soil 4 soil extract . 

Richland acre soil leached 4 soil extract 

Benson alkali soil . 

Benson alkali soil 4 15 T. manure. 

Benson alkali soil leached. .... 

Benson alkali soil leached 4 15 T. manure. . . 

Benson alkali soil 4 soil extract . 

Benson alkali soil leached 4 soil extract 


STRAW 

GRAIN 

Weight 

dry 

mal ter 



Weight 

dry 

matter 

Total 

N 

Total 

N 

mgm 

Per cent 

mgm. 

mgm. 

per cent 

mgm. 

8 8 

0 65 

52 

2 9 

2.00 

58 

10 4 

1 45 

151 

2 4 

2 43 

58 

13 1 

1 90 

249 

3.3 

2 52 

83 

20 6 

1 99 

410 

1 2 

3 46 

42 

15 8 

1 91 

302 

3 9 

2 60 

101 



No crop 



8 0 

1 32 

106 

2 1 

2.74 

58 

13 5 

1.15 

155 

2 90 

2 46 

71 

16.0 

1 73 

277 

2 7 

2 22 

60 

1 6 

1 98 

21 




15 4 

2 90 

447 




3 7 

2 12 

78 

0 3 

3 37 

10 

9 5 

2 33 

221 

0 9 

3 32 

30 

0 6 

3 48 

21 




9 5 

2 48 

236 

0.6 

2 92 

18 

0 5 

1 94 

10 

1 3 

2 74 

36 

7 7 

1 38 

106 

3 2 

2 65 

85 



No crop 





No crop 



11 7 

0 99 

116 

2 0 

2 42 

48 

20 9 | 

1 80 

376 

0.9 

2 58 

23 



No crop 



22 6 

1 13 

255 

3 3 

2 65 

87 


the unleached soil. There was also considerably more nitrogen removed in the 
grain from the leached than from the unleached soil. It is evident that the 
change produced in the bacterial activities of the soil by leaching is reflected 
in the crop yields. This increase is augmented by the manure, but no beneficial 
effect can be attributed to the inoculation. In reality, the results point to a 
depression caused by the soil extract, thus seeming to indicate that the soil 
extract has carried back into the soil the limiting factor of bacterial activity 
and growth. 

Two per cent of sodium chloride retards but does not prevent plant growth. 
However, it does reduce the proportion of grain to straw and results in a straw 
and grain both of which are richer in nitrogen. Leaching increases the yield 
and reduces the percentage of nitrogen carried by the crop. Manure applied 
to the unleached soil has little value, but when applied to the leached soil is 
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very effective is increasing productivity. Here again very little influence 
could be attributed to the soil extract. 

The sodium-sulfate-treated soil produced slightly less than the normal soil, 
but when leached and especially when treated with manure it was more pro¬ 
ductive than the untreated soil. Here again the soil extract is less effective 
than the manure. 

The sodium-carbonate-treated soil produced no crop, and even after it had 
been leached, the yield was low until manure had been applied. The soil 
extract is beneficial but not to the same extent as is the manure. The per¬ 
centage nitrogen in the crop is increased by sodium carbonate and sodium 
sulfate. 

The toxicity of the mixture of the salts is less than that of the single salts. 
Hence, there appears to be an antagonistic action of the one salt toward the 
other. 

The soil receiving the combination of the three salts was as productive as the 
untreated soil, and after being leached, and especially after treatment with 
manure or soil extract, produced a much greater crop than did the untreated. 

It is evident from these results that the addition of the alkali to a soil and 
then the removal by leaching have increased its productivity and also modified 
the soil to produce a crop richer in nitrogen. Moreover, it is very evident from 
these results that farmyard manures must play a very prominent part in 
the reclaiming of alkali soil. This is brought out even more strikingly with 
the naturally occurring than with the artifically produced soil, for often the 
mere presence of manure is sufficient to determine whether there be a crop. 
This in some cases was true for both the leached and non-leached alkali soils. 
The Corinne soil in the absence of manure produced no crop; in the presence 
of manure the yield equalled that on the college farm soil. When this was 
leached and treated with manure or soil extract the crop yield was doubled. 
Similar results were obtained on the Richland acre soil. The Benson alkali 
which is heavily impregnated with black alkali became productive only after 
leaching. After leaching, both the soil extract and manure is highly efficient 
in increasing productivity. 

Conclusions drawn from these results can be accepted as only tentative, 
indicating the plan which should be followed in future work in both pot and 
field experiments. They are published at this time, as the nature of the work 
has been such that further cropping on these soils is impracticable. The 
large quantities of soil removed in the sampling has left an insufficient amount 
for normal plant growth. Although it is realized that the results in many 
cases are inconclusive and bring out strikingly the need of more refined bacter¬ 
iological methods to measure the biological differences of various soils, yet 
they conclusively prove that in the reclaiming of alkali soil there is a biological 
as well as a chemical and physical problem and that careful biological studies 
of soil alkali problems will yield results just as valuable as are now being ob¬ 
tained by recent chemical investigations. 
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CONCLUSIONS 

The soils used in this work were three natural alkali soils: one in which 
chlorides predominated, a second in which the sulfates predominated, and a 
third which was heavily impregnated with sodium carbonate. A productive 
calcareous silt loam, which was made into an alkali soil by various treatments 
with sodium chloride, sulfate, and carbonate, was also used. 

These were leached in 2-gallon jars to remove as much as practicable of the 
soil alkali. The soils were then sampled and manured or inoculated and 
cropped first to clover and afterwards to barley. 

The leaching of the normal soil increased the bacterial activities and the 
productiveness. 

Two per cent of sodium chloride decreased the bacterial numbers 11 per cent. 
Leaching caused an increase of 38 per cent over the normal soil. The results 
for the soil receiving 2 per cent of sodium sulfate were within the experimental 
error of those in the untreated soil. 

Two per cent sodium carbonate reduced the numbers 24 per cent. Leaching 
increased them 830 per cent. That is, in all cases the leaching of the alkali 
and non-alkali soils increased the number of microorganisms. 

Two per cent of sodium chloride reduced ammonification to 10 per cent of 
normal; sodium carbonate to 41 per cent of normal; and sodium sulfate to 52 
per cent of normal. Leaching in many cases increases ammonification to above 
that occurring in the normal soil. Soil extract and manure were very effective 
in restoring ammonification in alkali soils. 

Sodium carbonate is more toxic when measured in terms of nitrification than 
is either the chloride or the sulfate. The carbonate reduced nitrification to 7 
per cent normal, the chloride to 12 per cent normal, and the sulfate to 47 per 
cent normal. Nitrification was very low even after leaching but was increased 
by both soil extract and manure, thus showing that the soil needs inoculation 
after the removal of the alkali. 

Inconclusive results were obtained in nitrogen fixation by the tumbler 
method but very uniform results were obtained where the soil was seeded into 
Ashby media. Here alkalies retarded the fixation of nitrogen and in every 
case there was an increase caused by leaching. 

Test of the soil at the beginning and end of the experiment showed that in 
most cases measurable quantities of nitrogen had been fixed and some of the 
alkalies, especially the sulfate, increased the rate of gain of nitrogen in the soil. 
This was especially true in the case of a natural alkali soil very high in sulfates. 

The results indicate that the nitrogen fixing organisms are more resistant 
to soluble salts than other benefical microorganisms. 

The leaching of the soil increased the crop yield, and some of the alkali 
very markedly increased the nitrogen content of the plants. 

It is evident from these results that organic manures are essential for the 
restoration of alkali soils to a high state of productivity. Benefits will often 
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result from the proper inoculating of alkali soils which are being reclaimed by 
leaching. 
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THE NORMAL MOISTURE CAPACITY OF SOILS 
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When water is applied to the surface of a more or less dry soil, it flows down 
through the interstices of the soil mass wetting the soil grains over which it 
passes. If the soil be uniform in texture and structure and the quantity of water 
just sufficient to wet it to the full depth of uniformity , or to a change in the soil 
character, the amount of water retained on any of the soil grains throughout the 
entire depth will be approximately the same. 

Tf the quantity of water be insufficient to wet the full depth of uniform soil, 
the moisture content will be approximately uniform from the surface to 
within a few inches of the bottom of the wetted soil, where a rapid decrease 
occurs, the amount tapering down sharply to the dry soil. The depth to 
which the moisture penetrates is readily discernible, the change or break 
from wet to dry soil being very abrupt, and usually marked by a distinct 
change in color. 

The flow of water downward through the soil mass is the result of two forces, 
gravity and an inverted “capillary movement ” or film force. As the water 
moves down through the soil, a part is absorbed and held by the colloidal 
material present and an additional amount is held as thin films surrounding the 
soil grains with thicker waist-like accumulations where the grains touch each 
other. The downward pull of the “capillary ” or film forces, augmented by the 
pull of gravity, reduces these films to a minimum thickness, and the curve ot 
the water-air surfaces is sharp at points where the soil grains are in contact. 
When all the water is used in wetting the soil to this degree, further movement 
through the soil of water in the liquid phase is exceedingly limited and the 
moisture condition becomes essentially static. 

LITERATURE 

There is a voluminous literature dealing with soil moisture in general, usually 
with the “capillary rise” and drainage phenomena, but with relatively little 
bearing directly on downward percolation and the resulting distribution of 
the soil moisture. 

Rotmistrov (5) has discussed this distribution and given field data showing relatively uni¬ 
form moisture content within soil horizons that apparently have uniform characteristics. 

1 Professor of Soil Technology. 
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He gives no information on the texture or structure of these soil horizons, however, and the 
relation between the moisture holding capacity and the observed moisture can not be checked. 

Burr (2,3) has dealt with the problem in several papers, nearly all based on field observa¬ 
tion and study where, however, the final moisture distribution is complicated by the presence 
of growing vegetation. 

Alway and McDole (1) have discussed the downward movement of moisture and the re¬ 
sulting distribution in soils differing in textures from sands to silt loams. Short tubes (14.22 
inches) were used and the distribution is reported in three and four sections after a period of 
five days or less. They concluded that “at the end of five days equilibrium had been practi¬ 
cally attained in the fine-textured soils, but in the coarser one this was far from being the 
case. The coarser the soil the more slowly was equilibrium reached.” 

Scofield (6) has added to the data and discussion, as have many other investigators who 
have touched upon the problem incidental to other studies. 

Jsraelsen and West (4) have studied the problem in the field, using large applications of 
water, with results that generally agree with the findings reported in this paper. They 
state that, “ten days after the heavy irrigations were applied by the authors each of the plots 
held the same amount of available water, namely inches per foot in the upper 6 feet.” In 
their conclusions, however, they state: “In the opinion of the authors, the downward move¬ 
ment of the water must continue until equilibrium is established with the water table. Mois¬ 
ture determinations that were made throughout the summer after the 10-day tests showed a 
continuous but very slow downward movement of water, thus confirming this opinion.” 

Widtsoe and McLaughlin (9) in their studies on the Greenville soil have recognized a 
relatively static soil moisture distribution for this soil at 12.68 per cent moisture, which they 
termed the “point of lento-capillarity” and which is well above the hygroscopic coefficient 
of 4.33 per cent. They did not, however, associate this with what they termed the “optimum 
capillary capacity or field .water capacity” of this soil, which was placed at 18 per cent or 
about 5.3 per cent higher than the point of lento-capillarity. In the experiments conducted in 
our laboratories, there is strong evidence that at the “normal moisture capacity” which 
w T ould correspond to Widtsoe’s “field water capacity,” the soil moisture condition is practi¬ 
cally static. 

Shantz (7) in a recent contribution has ably set forth a theory and conclusion essentially 
identical with that given herewith, but without any supporting data, although in earlier 
publications he had indirectly given much supporting evidence. 

Veihmeycr (8), in the results of exhaustive field investigations extending over several 
seasons, has given ample evidence of the soundness of the theories when applied to field 
practice in irrigated regions. 

The problem has been under investigation in our laboratories for over ten 
years, and from the data thus accumulated the following evidence is submitted. 2 

EXPERIMENTAL WORK 

The soil 

Various soils ranging in texture from medium sands to clay loams were used 
during the experiment. The movement of water through the heavier-textured 
soils was so slow that the results were unsatisfactory and inconclusive and the 
more extended experiments were conducted with medium-textured soils. All 
the results herein reported were obtained by using a Yolo fine sandy loam soil 

* Acknowledgment is due to B. F. Monroe, to E. V. Winterer, and to the many graduate 
students who have contributed to the work. 
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containing approximately 8.5 per cent clay, 11.5 per cent silt, and 70 per cent 
fine and very fine sand. As the experiments were continued over a period of 
several years, succeeding quantities of soil varied slightly in mechanical com¬ 
position. The results given in tables 1 and 2 were from soils having a moisture 
equivalent just above 14 per cent, and those in tables 4 and 5 from a soil having 
a moisture equivalent of 15.88 per cent. 

M ethods 

Brass tubes 4 inches in diameter and of 18-inch and 36-inch lengths were 
used for most of the work, while galvanized iron tubes 6 and 8 inches in diame¬ 
ter and from 4 to 8 feet long were used for a few tests. 

The brass tubes were filled on the propeller type of compactor, giving a very 
uniform compaction of the soil throughout the full length of the container. 
The larger tubes were filled by carefully pouring in the soil, jarring to gaii? 
compaction. The distribution within the larger tubes was much less sati# 
factory, considerable stratification of the soil occurring in some cases. 

Water was applied at the surface in quantity sufficient to give the desij^ 
depth of irrigation, a depth or head of 1 to lj inches usually being maintained 
until all the water had been applied. Drip and sprinkling were used as means 
of application in certain cases when it was desired to eliminate the effect of 
“head.” As soon as the water had disappeared from the surface the tubes 
were closed with a closely fitting, but not air-tight, cover in order to retard or 
prevent evaporation. 

When a specified period of time had elapsed, the soils were sampled by re¬ 
moving, with a specially devised sampling tool, all the soil to the desired depth. 
In most cases the soils were sampled by 1-inch sections. The soil was quickly 
mixed, sub-sampled, and weighed into dishes and dried for from two to five 
days at 100°C. All results are reported at percentages of moisture based on 
the oven-dry weight of the soil. 

EXPERIMENTAL DATA 

Experimental results are given from only a few of the numerous tests made, 
selected to cover the several points discussed. Table 1 and figure 1 show the 
moisture distribution 5 days after irrigation of 18-inch tubes when 2, 2\, 3 and 
3J inches of water were applied. The soils were sampled by 1-inch sections 
and the results are the mean of duplicate tubes. 

Although the depth of penetration varied in direct relation to the amount 
of moisture applied and the quantity above the taper was rather close in all 
the tubes, it was evident that downward movement had not ceased and that 
a longer period of time was needed before equilibrium would be established. 

Table 2 and figure 2 show results where the amount of water applied was 
the same, but the time varied. Five tubes were used, irrigated with 2\ inches 
of water, and allowed to stand 5, 7,11, 21 and 28 days, protected from evapora- 
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tion as indicated above. The total penetration varied from 11 to 14 inches, 
with tapers of from four to five inches. All the tubes show a decrease in the 
amount of moisture from the surface downward, the slope becoming steeper as 
the time increased. 


cjrwr /vct'Srt/#*' 



Fig. 1. Effect of Increased Amounts of Water. Sampled Five Days after 

Application 

-- 2.0 inch depth of water applied;-- 2.5 inch depth of water applied; 

-= 3.0 inch depth of water applied;-= 3.5 inch depth of water applied. 

Because of the shallow depths of the soil, the uniformity of distribution in 
the 21- and 28-day tubes was considered as not sufficiently conclusive and for 
this reason other tests using longer tubes were undertaken. Brass tubes 4 
inches in diameter and 36 inches long were used and irrigations giving 6, 7, and 
8 inches of water applied. One set of tubes was sampled at the end of 24 days, 
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TABLE 1 

Effect on moisture distribution of increased amounts of water 


DEPTH or son. 


DEPTH OF WATER APPLIED 


2.0 inches 

2 5 inches 

3.0 inches 

3.5 inches 

inches 

per cent* 

per cent 

per cent 

per cent 

1 

16 81 




2 

15 84 




3 

16,00 




4 

16 90 




5 

16 86 

IS 70 

18.11 

17 60 

6 

16 66 

16 03 

15 01 

■ 

7 

16.16 

15.41 

17 85 

■ 

8 

15 10 

14 78 

17 75 


9 

13.36 

15 00 

17.72 

1 

10 

13 00 

15 05 

16 79 

1 

11 

10 37 

13 85 

16 30 

1 

12 

5.25 

13 33 

15 11 


13 

2 44 

12 91 

14 15 

■ 

14 


7 32 

11 30 


15 


2 45 

3 96 


16 

i7 



2 30 

17 53 

18.09 


* Based on oven-dry weight of soil. 


TABLE 2 

Effect of time on moisture distribution 

TIME ELAPSED BEFORE SAMPLING 


DEPTH OP SOIL 

5 days 

7 days 

11 days 

21 days 

28 days 

inches 

per cent* 

per cent 

per cent 

per cent 

per cent 

1 

21 25 

mmm 

mmm 

15 95 

15.04 

2 

18 45 

■R 

mSEm 

13 72 

14 78 

3 

18.27 

16 71 

mmm 

14 25 

14.73 

4 

17.81 

17 37 

16 10 

14 15 

14 04 

5 

18 33 

17.16 

16 29 

14 07 

14.53 

6 

17 78 

16 14 

15 39 

14 34 

14 24 

7 

17 87 

16.34 

15.67 

14 54 

14.44 

8 

16.70 

15.75 

14 72 

14 04 

14.14 

9 

16.41 

14.58 

14 07 

13.71 

13.58 

10 

14.87 

13 48 

13.34 

13 00 

13 08 

11 

13.48 

12.72 

12 18 

11.94 

12 66 

12 

11 45 

11 79 

3 65 

9 97 

12 07 

13 

3.72 

4.60 


7 93 

10 04 

14 

2.90 



2 92 

4.65 

15 

2.59 


3.17 

2.21 

3.68 


Based on oven-dry weight of soil. 
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and a second set after 54 days. Table 3 gives the moisture content by inches, 
and figure 3 shows the moisture distribution at the end of 54 days. 

It is evident that the moisture had not reached a uniform distribution or a 
state of equilibrium in any of the tubes, although that condition is approxi¬ 
mated after 54 days in the tubes receiving 6 and 7 inches of water. The water 
had reached the bottom of the tubes which received the 7- and 8-inch irrigations, 

P£#C£NT AfO/SrU0£ 



Fig. 2. Effect of Time on Moisture Distribution When 2.5 Inches of Water as 

Applied 

-- 5 days;-= 7 days;-- 11 days;- = 21 days; 

.=28 days. 


making it evident that not over 6 inches of water could be held within the 36- 
inch soil column without wetting the soil to its entire depth. 

The distribution as affected by a still more prolonged period is shown in 
table 4 and figure 4, which give the results obtained from tubes that received 
6 inches of irrigation water and stood for 24, 54, 89, and 123 days. 

The soil moisture had not ceased its downward flow in 89 days, but by 123 
days the distribution closely approaches uniformity to a depth of 24 inches 
where the taper appears to begin. The average content of moisture (table 5) 
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from the surface to the twenty-fifth inch (excluding the eleventh inch) is 
16.79 zt 0.365, expressed as percentage of the dry weight. There appears to 

TABLE 3 


Distribution of water—effect of time and quantity 


DEPTH 

SIX INCHES 

SEVEN INCHES 

EIGHT INCHES 

.. 

24 days 

54 days 

24 days 

54 days 

24 days 

54 days 

inches 

per cent* 

per cent 

Per cent 

per 

cent 

per cent 

Per cent 

1 

21 70 


20.50 

21. 

10 

23.53 

22.70 

2 

19.52 

■ 

19.82 

19 

33 

21.38 

20 50 

3 

19.73 

18.38 

19.64 

18 

96 

20 54 

20.32 

4 

20 84 

16 48 

20 02 

19 

05 

20 85 

20.32 

5 

19 61 

18 05 

19 48 

18 

96 

21.03 

20.50 

6 

19 52 

17.53 

19.84 

18 

95 

21.15 

20 70 

7 

20.53 

18.28 

20 43 

19 

41 

21.32 

20 61 

8 

22.53 

18 88 

20 01 

19 

48 

21.10 

21.45 

9 


18 50 

19 82 

19 

39 

21.72 

21.15 

10 

20 04 

18 56 

20.70 

19. 

63 

22 20 

21.15 

11 

20.67 

18 93 

20 68 

19 

23 


21.47 

12 

20 79 

18 41 

20 70 

19, 

,57 

21.63 

21.50 

13 

20.64 

18 15 

21.28 

19 

55 

21 30 

21 82 

14 

20.75 

18.75 

21.38 

19 

60 

22.38 

22.25 

15 

20.45 

16 95 

21 10 

19 

63 

22 42 

21.88 

16 

20.28 

18 70 

21 62 

19 

42 

21 75 

22.10 

17 

20.30 

17 85 

21.22 

19 

63 

22 27 

22.33 

18 

19.96 

18 52 

16 50 

19 

41 

22 58 

22.47 

19 

19.05 

18.52 

21.10 

19. 

83 

22.45 

22.70 

20 

17.94 

18.25 

21.11 

19 

15 

22 23 

21.28 

21 

18.65 

17 42 

20 80 

19 

65 

22 40 

21.99 

22 

18.32 

17 49 

20.28 

19 

21 

22 23 

22.02 

23 

18.35 

37 28 

20 18 

19 

13 

22 30 

22.71 

24 

17.42 

16 80 

14.35 

18 

95 

21 70 

22.20 

25 

16.74 

16 40 

19 42 

18, 

.83 

20 72 

21.58 

26 

15.90 

15.63 

18 90 

18 

52 

22 22 

21.42 

27 

14.35 

15.62 

19 05 

18 

61 

20 89 

18.24 

28 

12.46 

15.01 

18 53 

18 

.49 

20 89 

21.98 

29 

5.91 

14.21 

17.68 

18 

31 

20.18 

22 28 

30 

3.33 

13.68 

16.40 

14 

20 

19 69 

21.65 

31 


9 25 

15.95 

13 

75 

19 92 

21.65 

32 


5.23 

14 51 

13 

.74 | 

19.86 

22.10 

33 


4.43 

10 20 

13 

48 

20 42 

22.81 

34 


3.72 

4.32 

13 

60 

20.08 

22 42 

35 




16 

.90 

17 65 

21.90 

36 









•Based on oven-dry weight of soil. 


be a slightly larger amount of moisture between the twelfth and seventeenth 
inches, but the largest variation, as shown in table 5, is only +0.53 as 
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compared to the average, or about 3 per cent of the average amount of 
moisture present. 

That there was little or no evaporation loss and that the differences of dis¬ 
tribution are due to moisture movements within the soil mass was shown by 
measurements of the areas within large scale graphs showing the distribution 
in the 24-, 54-, 89 , and 123-day tubes, where every point was located, and there 

PEPCEA/T mo/stupe 


/ s* c & ACT S* ** *» 20 ?? z* 



Fig. 3. Effect of Quantity on Distribution of Water, Sampled 54 Days after 

Application 

- 8-inch application;-— — 7-inch application; - = 6-inch 

application. 

was no “smoothing” of the curve as in A , B , C, and 1) in figure 4. The area 
within .1 (24-day) was taken as 100, B (54-day) was found to be 98.5, C (89- 
day) to be 99.9, and D (123-day) to be 99.5. As these figures were obtained 
from different tubes of soil after standing for long periods of time the agree¬ 
ment is surprisingly close. 

It is believed that the moisture at the end of 123 days had approximately 
reached equilibrium insofar as flow in the liquid phase is concerned, and that 
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any further movement would have to take place in the vapor phase. It is 
possible that a very slow downward flow might continue for some time, slightly 

TABLE 4 


Distribution of water in tubes receiving a 6-inch irrigation } after prolonged periods of adjustment 


DEPTH 

TIME 

24 days 

54 days 

89 days 

123 days 

inches 

per cent* 

Per cent 

per t ent 

per cent 

1 

21.70 

19 04 

17 64 

17.32 

2 

19.52 

18.15 

16 95 

16.72 

3 

19 73 

18 38 


16.11 

4 

20.84 

16.48 

16.93 

16.67 

5 

19.61 

18 05 

17 25 

16.72 

6 

19 52 

17.53 

17 25 

16.45 

7 

20.53 

18 28 

17 47 

17.26 

8 

22 53 

18 88 

17 44 

17.32 

9 


18 50 

17 41 

16.60 

10 

20 04 

18 56 

17 57 

16.82 

11 

20 67 

18.93 

17 86 

15 24 

12 

20 79 

18 41 

16 82 

17 16 

13 

20 64 

18 15 

18 14 

17 00 

14 

20.75 

18 75 

18 05 

17 13 

15 

20.45 

16 95 

17.78 

16 84 

16 

20 28 

18 70 

18 24 

17.32 

17 

20.30 

17 85 

17.45 

17.23 

18 

19 96 

18 52 

17.58 

16.83 

19 

19 05 

18.52 

17 46 

16.69 

20 

17 94 

18.25 

16 92 

16 39 

21 

18 65 

17.42 

17.09 

16 54 

22 

18 32 

17.49 

17.02 

16 68 

23 

18 35 

17.28 

16 65 

16.32 

24 

17.42 

16.80 

16 57 

16.16 

25 

16.74 

16.40 

16 00 

15.72 

26 

15.90 

15 63 

15.90 

15.79 

27 

14 35 

15.62 

15 55 

15.62 

28 

12.46 

15.01 

15 23 

15 17 

29 

5.91 

14 21 

14 83 

14.88 

30 

3 33 

13 68 

14.34 

14.42 

31 


9.25 

13 53 

13.95 

32 


5.23 

12 64 

13.62 

33 


4 43 

11 09 

12 73 

34 


3.72 

8.12 

11 07 

35 



6 06 

8.29 

36 

. 

. 

3.92 

6 62 

__ 


* Based on oven-dry weight of soil. 


reducing the moisture in the upper portion and increasing the depth of pene¬ 
tration. Table 4 shows that at the depth of 27 inches, the moisture content 
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has remained approximately constant after the fifty-fourth day, at a content of 
15.62, 15.55 and 15.62 per cent. This evidently is a “critical” moisture point 
and may represent the content at equilibrium toward which the moisture is 
working. 


f>£Rcewr *to/sr~o&er 



Fig. 4. Distribution of Water in Tubes Receiving a 6-Inch Irrigation, after Pro¬ 
longed Periods of Adjustment 

.A — Distribution after 24 days;-B = Distribution after 54 days; 

-C *= Distribution after 89 days; ---—D = Distribution after 123 days. 

The average moisture equivalent of the soils used in this test was found to 
be 15.88 db 0.34, the variations of the individual tests being shown in table 6. 

The close agreement of this moisture equivalent of 15.88 with the content of 
water at the twenty-seventh inch of 15.62 suggests that the normal moisture 
content of this soil when at equilibrium with the film and gravity forces is al¬ 
most identical with the moisture equivalent. The average content at the end 
of 123 days, 16.79 per cent, is only 1.057 times the moisture equivalent; or 
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TABLE 5 

Moisture content of 123-day tube above taper or to a depth of 24 inches , with averages and variations 


DEPTH 

PER CENT 

VARIATION FROM AVERAGE 

1 

17.32 

+0.53 

2 

16.72 

-0 07 

3 

16.11 

-0.68 

4 

16.67 

-0.12 

5 

16.72 

-0.07 

6 

16.45 

-0.34 

7 

17.26 

+0.47 

8 

17.32 

+0.53 

9 

16.60 

-0.19 

10 

16 82 

+0.03 

11 

(15.24*) 


12 

17.16 

+0.37 

13 

17.00 

+0.21 

14 

17 13 

+0.34 

15 

16 84 

+0.05 

16 

17.32 

+0.53 

17 

17.23 

+0.44 

18 

16 83 

+0.04 

19 

16 69 

-0.10 

20 

16.39 

-0.40 

21 

16.54 

-0.25 

22 

16 68 

-0.11 

23 

16 32 

-0.47 

24 

16 16 

-0 63 

Average. 

16 79 

±0.365 

Coefficient of Variation. 

2.15 


* Not included in average. 


TABLE 6 

Moisture equivalents on soil from tubes 

VARIATION 


15.78 -0.10 
15.65 -0.23 

16.20 +0.32 
15.28 -0.60 
16.27 +0.39 
15.80 -0.08 

16.21 +0.33 


Average = 15.88 ±0.34 


Coefficient of Variation = 2.14 


















314 


CHARLES F. SHAW 


expressing it the opposite way, the moisture equivalent is 94.6 per cent of the 
average moisture content. The soil as packed in the tubes had a volume weight 
of 1.315 and a pore space of 50.4 per cent. At the average moisture content 
at the end of 123 days, 43.8 per cent of the pore space was occupied by mois¬ 
ture, whereas at the moisture equivalent point, 41.4 per cent of the pores are 
filled with water. The downward movement of water under the combined 
forces of gravity and film pressures is very rapid, as shown in figure 1 and also 
in figures 2 and 4 in which time is a factor. Although the distribution at the 
end of five days is surprisingly uniform, the final distribution condition requires 
a long period of adjustment. 

DISCUSSION OF RESULTS 

The experimental evidence indicates that when water is added to a body of 
uniform soil and allowed to percolate downward through the soil mass, a con¬ 
dition of distribution will be reached at which the moisture content at any 
depth will be approximately the same, except for a region of very rapid decrease 
in moisture present in the lowest five or six inches of wetted soil. This zone of 
rapid decrease has been designated the “taper.” 

The distribution above the taper, when graphically represented, closely 
approaches a straight line provided the sampling of the soil is delayed for a 
sufficient time to allow this condition of equilibrium to be reached. If the 
amount of water added be just sufficient to wet the soil down to a change in 
texture, the moisture distribution throughout the full depth will be uniform. 
If any additional water be added, the amount held at any level will be increased, 
but with larger amounts in the lower depths, until at the maximum moisture 
capacity the curve or gradient of moisture content will approach that of the 
upper section of a “capillary potential” gradient. 

Plotting the distribution obtained by adding increasing amounts of water 
gives a “pendulum” swing to the curves. In figure 1, curves 2, 2-J, and 3 show 
the “deficiency” curve with a slope to the left. A theoretical distribution of 
exactly the right amount of added water would be straight lines showing uni¬ 
form distribution. Curve 3| shows a slope to the right occurring when a slight 
excess of water was added. In figure 3 the curves representing distribution 
after application of 6, 7 and 8 inches of water show the same type of swing, 
the 6-inch curve having a “deficiency” slope to the left and the 8-inch curve 
an “excess” slope to the right. In figure 4 all the graphs show “deficiency” 
curves to the left. 

The term “Normal Moisture Capacity” is proposed as an expression indi¬ 
cating the moisture content of the uniform distribution approximated in curve 
D, figure 4, showing the distribution after 123 days. This amount approaches 
closely the condition described by Widtsoe (9) as the “optimum Capillary 
Water Capacity or Field Water Capacity.” However, the author's conception 
of the condition of this water is that it is essentially static, that it will not move 
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upwards, downwards, or laterally, a condition which Widtsoe recognized and 
designated as the “Lento-Capillary Point,” but which he placed materially 
lower in amount of water than his “Field Water Capacity.” 

This water is held in the soil by two phenomena. A portion is taken up by 
the colloidal material present as absorbed or adsorbed water. This portion is 
very firmly held and is not free to move under any of the forces present in the 
soil. The second portion is the water film over the surface of the soil particles 
(and colloid coating) with waist-like accumulations where the particles are in 
contact. The force of gravity and the capillary forces directed downward will 
move the film water down until the angles of the surfaces at the points of con¬ 
tact are acute and sub-catenoid, giving them a high film pressure. The re¬ 
maining film water can not then move in any direction in the soil, and would 
correspond to the condition of Jento-capillarity. 

If the surface were dried out, this moisture could not move upward to any 
measurable extent. The upper few inches might dry by direct evaporation from 
the surface and soil pores, and develop a “taper” comparable to that at the lower 
extremity of the wetted zone. The depth of this taper would depend on the 
texture and structure of the soil, the size of the soil particles, and the effective 
size of the pores of the soil. Upward movement to replace the moisture lost 
by such surface evaporation is exceedingly slight and the depth so affected is 
very limited; as the thinness of the films and the sharp angle of the contact sur¬ 
faces are the result of the original “capillary” forces plus gravity, upward 
capillary or him movement against gravity will be negligible or non-existent. 
A slow movement of moisture may occur in the vapor phase by normal vapor 
pressure phenomena, which would cause a movement toward any region of 
drier soil, thus tending to equalize the moisture content throughout the soil 
column. A definite loss may occur through the movement of air in the pores 
of the soil, the daily out-movement as the soil is warmed and the air expands, 
and the corresponding in-movement at night when the soil cools producing a 
“ventilation” and a removal of water vapor that will slowly reduce the soil 
moisture. The amount thus lost is small and the rate of such loss decidedly 
slow. At the Normal Moisture Capacity, the soil moisture is considered to 
be in a static condition or at least in such a state that movement of the 
liquid phase in any direction is exceedingly limited and negligible. 

WATER OF ADHESION 

The term “Water of Adhesion” is proposed to designate the water held in the 
soils under these conditions, defined essentially as follows: 

Water of Adhesion is that moisture in excess of the hygroscopic water, held in the soil by 
colloidal adsorption and as films surrounding the soil grains, not free to move under the 
normal influences of film forces. 

The so-called “forms” of soil moisture would then become hygroscopic water, 
adhesion water, capillary water, and gravitational water. 
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Hygroscopic water is variously defined as the amount of water present in an 
air-dry soil, while the hygroscopic coefficient is defined by Hilgard as the 
amount of water a dry soil will absorb from a saturated atmosphere at a uni¬ 
form temperature of 15°C. 

Capillary water is usually designated as that water held on or between the 
soil grains by the adhesion between the soil and water and by surface tension 
forces and that is free to move under the influence of film forces. 

Gravitational water is obvious—the excess water that can or will drain 
from a soil by gravity. It therefore should not properly enter into considera¬ 
tion as soil moisture but rather as a source of soil moisture. 

Adhesion water would lie between the hygroscopic and the capillary water, 
covering the amount held between the hygroscopic coefficient and the point of 
lento-capillarity. 


APPLICATION OF RESULTS 

Irrigation . Applying water to the surface of a deep uniform soil would 
ultimately result in a moisture distribution at the Normal Moisture Capacity. 
Any additional water would serve to increase the depth of penetration, but not 
the amount held at any given depth, and if the amount added were sufficient 
to wet the soil beyond the reach of the roots, the excess moisture penetrating 
the lower layers would be lost to the plant. *‘Storing up” of water in a deep soil 
by winter irrigation or by the application of excessive amounts early in the 
season when water is abundant is impossible unless there is an impervious 
layer that will prevent further downward movement and result in a perched 
water table and a zone of saturation. 

Mulches . When the soil is wetted to its Normal Moisture Capacity by rain 
or by irrigation, and this moisture is not free to move under the influence of 
film forces, as indicated in these experiments, then the “capillary rise” of this 
water is impossible and continued loss of moisture from the surface can not 
take place. The surface few inches will dry out to a depth about that of the 
usual mulch in arid regions. Beyond this drying can proceed only through 
vapor movements. A mulch can not prevent moisture movements which do 
not occur! Under such conditions therefore a mulch is of little or no effect. 

Greenhouse practice. In experimental work in plant culture, soils are often 
moistened to the “optimum moisture content” before being placed in the pots, 
the seeds or plants are then planted and the system sealed. The loss of water 
by evaporation or transpiration, as determined by decreased weight, is re¬ 
placed by adding the equivalent amount to the surface of the soil. Optimum 
Moisture Capacity is well below the normal Moisture Capacity. Water 
added to the surface will not be distributed uniformly through the soil mass 
until it reaches a uniform conditon of “optimum,” but will remain at the 
“normal” moisture content, wetting a much shallower depth. The result is a 
wetted zone near the surface in which the roots can develop and grow, with 
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a lower zone dried down to the wilting point and more or less devoid of roots. 
This inequality in moisture distribution may vitiate the results of otherwise 
carefully controlled experiments. 


CONCLUSIONS 

A soil has a Normal Moisture Capacity which represents the minimum 
amount of water that is retained by absorption and film forces when the water 
is free to move downward through a mass of uniform soil. 

The Normal Moisture Capacity is, for medium-textured soils, approximately 
the same as the moisture equivalent. 

At the Normal Moisture Capacity the moisture is readily available for 
plants, but is not free to move under the normal film forces existing in the soil— 
it is essentially static. 

In this condition, mulches are of little or no effect in conserving soil moisture, 
as upward movement to supply evaporation does not occur. 

In deep uniform soil any water added by rain or irrigation penetrates the 
soil rapidly and soon approaches the Normal Moisture Capacity state of 
distribution. 
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THE HYDROMETER AS A NEW AND RAPID METHOD FOR 
DETERMINING THE COLLOIDAL CONTENT OF SOILS 
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Unquestionably one of the greatest needs in soil study is a very rapid and 
simple method for determining the colloidal material in soils, for the colloidal 
material seems now to constitute the seat of all the reactivities in soils. Such 
reactivities or relationships as base exchange, adsorbability and retainability 
of plant-food constituents, reactivity toward chemical reagents, solubility, 
heat of wetting, wilting coefficient, availability of water, evaporation of water, 
capillary movement of water, water holding capacity, rate of percolation, etc., 
are all controlled or influenced very largely by the colloidal content of a soil. 
In the last two years two methods which appear to come closest to giving a true 
estimation of the colloidal material in soils have been proposed. These two 
methods are the heat of wetting (1,2) and the adsorption (4) methods. The 
chief drawback in both of these methods, however is that a portion of the col¬ 
loids has to be extracted from the soil before the colloidal content can be 
determined, and this extraction process takes much time— in some soils, and 
where only small amounts are available it takes several days to extract enough 
colloids for an accurate adsorption or heat of wetting determination. Of the 
two methods, the heat of wetting is the quickest and simplest, but the adsorp¬ 
tion method may take almost a week. It was once hoped that both the heat of 
wetting and the adsorption methods might be very rapid for estimating the 
colloidal content of soils, either the adsorption or the heat of wetting of the 
colloids being used as a factor, but it has been found that the colloids from 
different soils vary so greatly both in their adsorption and heat of wetting, that 
no factor can be used for all soils. 

At this laboratory, therefore, attention and efforts have been directed 
elsewhere, with the hope of discovering a method or a factor which could be 
used for estimating very quickly and accurately the colloidal content of soils. 
This requirement seems to be happily furnished by the hydrometer method. 

1 At the request of the author this paper replaces that submitted July 23, 1926, “The Hy¬ 
drometer as a New and Rapid Method for Estimating the Colloidal Material in Soils,” a 
preliminary report of the investigations herein presented in final form. It is also given the 
position scheduled for “The Hydrometer as a New Method for the Mechanical Analysis of 
Soils ” received for publication July 6, 1926, which thus relinquishes its priority rights as of 
July 6 and assumes those of July 23,1926. 
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The employment of this method in connection with soil suspensions has 
revealed two remarkable facts; first, that the hydrometer can be used in meas¬ 
uring the rate of settling of soil particles (3) from which a distribution curve 
of the soil particles of various sizes might be worked out mathematically, and 
second, that it can estimate the colloidal contents of soils quite accurately 
and very rapidly. 

It has been found that if a certain quantity of soil is dispersed in a definite 
amount of water, the percentage of the material that stays in suspension for 
15 minutes, based on the original sample taken, is equal to the percentage of the 
colloids indicated by the heat of wetting method. This relationship is surpris¬ 
ingly close, with very few exceptions, and holds true for all types and horizons 
of soils and even when the quantity of soil is varied. The exceptions are 
mainly in soils that are unusually rich in organic matter especially in matter 
not thoroughly decomposed. Out of about 40 soils examined in the present 
investigation, however, which include a very good representation of all the 
different types and horizons, only 3 gave somewhat wide disagreement and 
this did not amount to more than 10 per cent. 

On first consideration such a relationship as appears to exist between the 
percentage of colloidal material as determined by the heat of wetting method 
and the percentage of the material staying in suspension at the end of 15 min¬ 
utes, might seem to be almost incredible or accidental. On further and deeper 
consideration, however, this relationship appears to be reasonable and logical. 
For instance, if different soils contain various amounts of fine or colloidal ma¬ 
terial, should we not expect a proportionate amount of fine or colloidal material 
to stay in suspension at a definite time, providing other factors did not inter¬ 
fere or intervene? 

This rather remarkable relationship can be used now as a factor in determin¬ 
ing the colloidal content of soils, which can be accomplished in 15 minutes. 
All that is necessary is to disperse the soil in a certain volume of water, deter¬ 
mine the density at the end of 15 minutes, and from this density, which repre¬ 
sents material in suspension, calculate the percentage of the sample in sus¬ 
pension which is the percentage of colloids that that particular soil contains. 

The 15-minute period has been chosen because the relationship seems to be 
the closest for nearly all soils at this length of time. It was selected from hy¬ 
drometer readings taken every minute or every few minutes, extending from 
1 minute to 24 hours. The fact that this same time element holds true for 
nearly all soils is most remarkable and goes to show that there is a fundamental 
basis for the phenomenon. 

The material that stays in suspension at the end of 15 minutes is probably 
not all colloidal, but the colloids that might be carried down or settle are ap¬ 
parently compensated by the non-colloidal material staying in suspension. 
The amount of non-colloidal material staying in suspension at the end of the 
15-minute period, however, is probably very small. 
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THE HYDROMETER AND PROCEDURE 

The hydrometer employed for measuring the quantity of fine material 
staying in suspension was of a special type made for this purpose, which had a 
very large volume and considerable weight, both of which tended to make it 
very sensitive and accurate. This hydrometer was calibrated so that it would 
indicate directly on its stem grams of solid material staying in suspension in 
one liter of water. 

An essential part of the hydrometer method for determining the colloidal 
content is a complete dispersion of the soil. Four different methods were 
tried for this purpose. These included (a) the standard rocking shaker, ( b ) 
the beater used in beating eggs, (c) pestling in a mortar by hand, and ( d ) the 
drink mixer shown in plate 1. These different methods were able to disperse 
the same soil in different lengths of time. The rocking shaker required 6 hours 
to effect an approximately complete dispersion; the egg beater, 1 hour; the 
hand pestling, 15 minutes; and the drink mixer 3 hours in the original form, 
but as finally modified only 9 minutes. 

It was desired that the method adopted for dispersing the soil be not only 
efficient and rapid, but also that it do away with the personal element. At 
the outset the drink mixer seemed to fulfill all the essential requirements. 

The disappointment was very great, therefore, when it was discovered that in 
the form in which it is used for mixing drinks, more than three hours were 
required to effect a complete dispersion. Its failure to accomplish it in less 
time was due to the fact that the mixture in the cup was subjected to a cir¬ 
cular motion without its being churned. Attention was directed, therefore, 
in correcting this defect, and happily it was most successfully corrected by 
putting a series of copper wires on the wall of the container to act as ob¬ 
structions, and to prevent the circular motion. 

The difference this slight change in the walls of the container made on the 
efficiency of the dispersing ability of the machine, is most remarkable, as seen 
by the fact that the time was reduced from more than 3 hours to only 
9 minutes. 

This machine in its final form, now, is a most effective machine for the dis¬ 
persion of the soils. 2 The motor, without a load, goes at a speed of about 
14,000 revolutions per minute and with a load, at about 9,000 revolutions per 
minute. The energy expended in dispersing the soil, therefore, can be easily 
imagined. 

The method of pestling by hand in a mortar is very efficient, and very rapid, 

2 The idea of using this machine in the original form, was suggested in a conversation by 
Prof. H. Ries of Cornell University. As already stated, however, in the original form this 
machine is not practical for this work. 

This machine is manufactured by the Hamilton Beach Manufacturing Company of Racine, 
Wisconsin, who have undertaken to make the special cups to be used in dispersing the soil. 
The complete outfit costs about $20.00 
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but the results are not always uniform and the dispersions not always as com¬ 
plete as that yielded by the motor and consequently is not recommended. 
With hand the soils can be dispersed in from 10 to 20 minutes, but they must 
be pestled vigorously even though the particles seem to be ground. They 
must be pestled and washed until all the soil is dispersed. The washings 
must stand half a minute before being decanted into the cylinder. 

The length of time required for soil dispersal, at which the results of the 
hydrometer method correspond the closest with the results of the heat of 
wetting method, is 9 minutes for all the soils except for those whose organic 
matter content is either not well decomposed, or is difficult to disperse. Many 
soils with high contents of organic matter, from Illinois, Iowa, Michigan, 
and Minnesota behaved like the mineral soils with no organic matter, but a 
few soils, such as the Minnesota Carrington silt loam would not be dispersed at 
9 minutes, but required about 30 minutes. Out of 15 of such organic soils 
examined, only 2 failed to give very close agreement with the heat of wetting 
method when dispersed only for 9 minutes. In such soils the organic matter 
could readily be seen to be not well decomposed. Such soils, which are readily 
recognized, should be stirred 30 minutes; all the other soils with organic matter 
should be stirred only 9 minutes. Those that need to be stirred 30 minutes 
will be exceedingly few according to this investigation thus far conducted. On 
the other hand, the error that might arise if these exceptional soils are stirred 
only 9 minutes, may not amount to more than 10 to 15 per cent. In the case 
of mucks and peats the method is not very successful because it is almost 
impossible to disperse those organic materials. 

The 9-minute period of dispersion seems to effect almost a complete dis¬ 
persion. For instance, Ontonagon silt loam gives 62.37 per cent of colloids 
when stirred 9 minutes and 66.20 per cent when stirred for 3 hours. Stalwart 
sandy loam gives 28.46 per cent when stirred only 9 minutes and 31.72 per cent 
when stirred 3 hours. These differences are certainly small when the great 
difference in time of stirring between 10 minutes and 180 minutes is taken 
into consideration. 

In order to facilitate the dispersion, keep the material dispersed, and prevent 
flocculation and thus settling according to its physical laws, to each soil sample 
was added 5 cc. N KOH during the dispersion process. Most of the soils do not 
need the addition of KOH, because they are easily dispersed and remain sus¬ 
pended according to the physical laws governing the size of their particles, 
but there are some soils which have a tendency to flocculate after they are dis¬ 
persed, and tend to settle in mass when they begin to flocculate. The addi¬ 
tion of the KOH prevents this tendency to flocculate and the soil particles 
settle in the regular manner. In order that the general procedure might 
be uniform, the KOH was added to all the soils. This addition in¬ 
creased very little, if any, the amount of material that stayed in suspension 
at the end of 15 minutes, except in those soils that have a tendency to floccu¬ 
late. Apparently the KOH serves the purpose mainly of stabilizing the soil 
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particles or colloids which have a tendency to flocculate. Some soils require 
more KOH than others in order to be stabalized. 

The general procedure in the actual determination consisted of weighing out 
an amount of soil equivalent to 50 gm. on the oven-dry basis, although for 
practical purposes the hygroscopic moisture can be estimated if air-dry soils 
are used and allowance is made in weighing out the samples, placing it in the 
cup and filling the latter with distilled water to within 1 inch of the top. The 
cup was then connected to the stirrer of the motor and was stirred for exactly 
9 minutes. The mixture was poured and washed into a liter cylinder having a 
total capacity of 1250 cc., a diameter of 2\ inches, and a height of 18 inches. 
The hydrometer was then placed in the mixt ure and the cylinder containing the 
hydrometer filled to the top with distilled water. The hydrometer was taken 
out and the suspension was vigorously shaken by hand with the palm of one 
hand acting as a stopper. The cylinder was then placed on the table and the 
time immediately noted by a stop watch. The hydrometer was then placed in 
the mixture and at the end of 15 minutes the reading of the liquid was taken. 
Just half a minute before the end of 15-minute period, the hydrometer was 
gently pushed down into the liquid, to avoid any error in the reading caused 
by lag or sticking of the hydrometer. The temperature of the mixture was 
also noted. The amount of material shown on the hydrometer was then divided 
by 50, which was the amount of sample taken, and the result was the percentage 
of colloids in that soil. 

In taking the sample, care should be exercised that the heavy types of soil 
are not in big lumps, because the water requires longer time to penetrate and 
to disperse these lumps. Also, soils that have a heavy content of alkali salts, 
should be washed before using. The samples taken should also be a very good 
representative of the whole soil. 

With the 50 gm. of soil 1050 cc. of water was used. In the calculation of the 
results, however, only 1000 cc. was employed; the other 50 cc. was considered 
to be used up in wetting or saturating the soil. 

In order to test out the method, various quantities of soil such as 25, 50, 75 
and 100 gm., were employed. In every case 1000 cc. was used and in addition 
1 cc. for every gram of soil, to make allowance for the water required to wet or 
saturate the soil. This additional water was added because the hydrometer 
measures the amount of suspensions in the entire column of liquid irrespective 
of the density with depth. In other words the hydrometer readings give the 
average of the densities for the entire column of liquid, i.e. from the top to the 
point where the solid column of soil is being formed by settling. Hence, to 
make the liquid columns above the various soils comparable, allowance was 
made for the water required to saturate the soils. 

The hydrometer can be best read, in some cases when the column of liquid 
is at the top of the cylinder. In order, therefore, to have 1050 cc. of water with 
50 gm. of soil and at the same time to have the column of the liquid at the top 
of the cylinder with the hydrometer floating in the liquid, cylinders of the 
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required size have been made. 3 With the use of these special cylinders, the 
results are comparable, matters are simplified, and time is saved in not having 
to measure the water. One can use, however, any regular liter cylinder that 
has a total capacity of about 1250 cc. An ordinary 1000 cc. cylinder may 
also be used by making a mark of the proper volume. 

Changes of temperature make a difference in the results. A change of 1°F. 
makes a difference of about 0.350 per cent of soil colloids. For absolute com¬ 
parison, therefore, the results must be reduced to the same temperature basis. 
In the present investigation the temperature of 67°F. has been chosen as a 
basis which is also the temperature at which the hydrometer has been cali¬ 
brated. For readings above 67°F., therefore, 0.35 per cent must be added for 
each degree, to the percentage of colloids indicated by the hydrometer; and 
for readings below 67°F., 0.35 per cent must be subtracted for every degree of 
temperature. An example will make this point clear. Suppose that a soil gave 
60 per cent of colloids at the temperature 77°F. To this 60 per cent must be 
added 3.5 per cent which will make a total of 63.50 per cent for this soil at the 
temperature of 67°F. If on the other hand this soil gave 67 per cent of colloids 
at the temperature of 57°F., from this amount must be subtracted 3.5 per cent. 

The hydrometer was constructed to have a range between 0 and 60 gm. of dry 
material per liter of water and, therefore, can measure the colloidal content of a 
soil which may be as low as 1 per cent, taking a 50 gm. sample or 0.5 per cent 
taking a 100-gm. sample. It is graduated in 1 degree. This wide range of 
readings on the stem of the hydrometer was not needed in the colloidal de¬ 
termination but was placed on the hydrometer so that the latter could be 
used also in studying the rate of settling of soil particles, from which a dis¬ 
tribution curve could be worked out showing the sizes and amounts of the 
soil particles. As shown in another publication (3) the hydrometer method 
lends itself in a remarkable way to this type of study. The hydrometer can be 
made considerably more accurate and sensitive by reducing its scale. 

Many factors, such as flocculation, which might influence the rate of settling 
of soil particles on long standing are not effectively operative in short periods. 
Even those soils which have a tendency to flocculate are prevented from doing 
so by the addition of small amounts of KOH. 

With only 9 minutes required to disperse the soil and only 15 minutes 
needed to make a hydrometer reading, the colloidal content of soils can be 
determined very quickly. Considering that after the first soil is dispersed, 
the second soil can be dispersed while the hydrometer readings of the first 
soil are being made, the colloidal content of more than three soils can be de¬ 
termined in one hour with one hydrometer. 

Probably there are very few, if any, methods in soil physics work which 
are standardized so well as this method for determining the colloidal content of 

* The cylinders are handled by the Taylor Instrument Company, Rochester, N. V., who 
are also handling the hydrometers, and cost about $1.50 apiece. 
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soils. The hydrometer, for instance, floats and is governed entirely by physical 
laws with no outside disturbing factor and no personal element entering into it. 
The soil is dispersed at a definite speed and at a definite time by a me¬ 
chanical means. 

The method may appear arbitrary, but it is quite absolute because it is 
based upon the heat of wetting method which is quite absolute as far as it 
goes. Parker and Pate (5) made a comparison of the heat of wetting method 
with the water adsorption and base exchange method and found it to agree 
very well with these two methods and especially with the base exchange 
method. The procedure is arbitrary, but the results are absolute. Further¬ 
more, considering that colloids are fundamentally a question of size of par¬ 
ticles, and that the hydrometer method measures, in a final analysis, the size 
of particles, it seems to be the logical method for such a determination. 

By following the general procedure outlined above the results of any soil 
can be duplicated almost exactly any number of times, provided that the 
temperature is constant or correction is made for it and also provided that a 
representative sample of the soil is taken every time. 

Referring once more to the dispersing machine, there are two things that 
must be strictly guarded against: first, the cup must have the bafflesor wires in 
it; and second, the paddle or button on the stirring rod tends to wear out on 
sandy soils; when it becomes flat, it must be replaced because in the flat con¬ 
dition it loses its stirring efficiency. With these two precautions, it can be 
said that this machine is most wonderful for dispersing soils for any purpose. 

EXPERIMENTAL DATA 

In table 1 are presented the data showing the relationship between the per¬ 
centage of colloids as obtained by the heat of wetting method, and the per¬ 
centage of the material staying in suspension in a liter of water at the end of 
15 minutes, based on the amount of soil sample taken. There were four differ¬ 
ent quantities of soil employed 25, 50, 75 and 100 gm. per liter of water plus 
the additional water required for saturating the soil, but in this table the results 
for only the last three quantities are shown. The soils employed or tested in¬ 
clude almost all the different classes coming from different localities and hori¬ 
zons. Many of these soils contain also various quantities of organic matter. 
These soils would certainly seem to represent an excellent array of diverse 
and representative types of soils for testing out the method. 

An examination of table 1 shows at once that the relationship between the 
percentage of the colloids as determined by the heat of wetting method and 
the percentage of the material staying in suspension in a liter of water at the 
end of 15 minutes is very close in the majority of the soils. In many of the 
soils it is almost exactly the same, in a few it is not so close. Out of the 39 
soils shown in the table, 3 show the widest disagreement. These are Strongs 
Bi sandy loam, Minnesota Carrington silt loam, and California Yolo loam. 
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TABLE 1 

Relationship between the percentage of colloids as indicated by the heat of welting method and the 
percentage of material slaying in suspension at the end of 15 minutes in a liter of water based 
on the weight of sample taken . Soils dipersed 9 minutes and results reduced to 67°F . 


SOILS 

PROPOR¬ 
TION OF 
COLLOIDS 
BY HEAT OF 
WETTING 

PROPOR 
BY HYD 

50-gm. 
samples 

TION OF CC 
ROMETER N 

75-gm 

samples 

>LLOIDS 

ieth6d 

100-gm. 

samples 


Per cent 

Per cent 

percent 

per cent 

Hillsdale sandv loam A . 

15 73 

18.35 

18 86 

17 50 

Hillsdale sandy loam Bi . 

18 70 

19 00 

19 25 

18 60 

Hillsdale sandy loam B 2 . 

20 42 

18 32 

17 00 

17.61 

Strongs sandy loam Ai . 

5 18 

8 30 

8 48 

8.74 

Strongs sandy loam Bi . 

23 12 

14 23* 

13 85 

14 10* 

Chippewa fine sandy loam A 2 . . 

12 02 

11 68 

10 32 

10.82 

Fox loam A 2 . 

20.21 

23 32 

22 01 

23.80 

Fox loam Bi . 

27.65 

27.00 

28 30 

28.47 

Fox loam B 2 . 

20 58 

18 08 

19 12 

18.22 

Onaway loam Ai . 

11 66 

11 69 

12 18 

13 07 

Onaway loam Bi . 

21 03 

20 65 

20 08 

19 65 

Onaway loam C . 

28.44 

29 52 

27 83 

28 70 

Stalwart loam Aj . 

22 49 

24 22 

24 02 

25 10 

Stalwart loam A 2 . 

25 61 

28.46 

27 30 

28 15 

Stalwart loam Bi . 

21 01 

24 87 

25 10 

26.00 

Napanee silt loam Ai . .♦ . 

35.51 

39 98 

40 38 

40.83 

Napanee silt loam Bi . 

41 09 

48 10 

47 60 

46.90 

Napanee silt loam C. 

50 76 

53 08 

52 10 

51.65 

Ontonagon silt loam . 

60.65 

62 57 

62 00 

61.54 

Ontonagon silt loam A 2 . 

60 30 

63 82 

62 90 

62 08 

Ontonagon silt loam Bj. 

71 30 

73 06 

72 80 

71.80 

Pennsjdvania silt loam. 

24.50 

29 88 

26 10 

25 70 

Ohio silt loam . 

31 20 

36 42 

36.12 

37.10 

Tennessee silt loam. 

31.41 

34 62 

33.74 

34.51 

Michigan silt loam. 

39 04 

44 60 

44.18 

43.10 

Illinois clay loam . 

34.52 

37.20 

36.80 

36.30 

California yolo loam . 

48.51 

38 00* 

<8.62* 

37.40* 

California yolo clay loam . 

59.54 

53 94 

6* 1^ 

53 65 

California yolo clay . 

58 34 

56.80 

56 03 

55.94 

Minnesota Marion silt loam . 

45 40 | 

36 95 

37.18 

37.62 

Minnesota Carrington silt loam . 

50 62 

38.12* 

37.85* 

37.02* 

Iowa Bremer day . 

49 40 

51.69 

51.03 

50.90 

Calcareous clay C. 

93.20 

86.20 

87.19 

86.65 

Brookston clay loam A. 

33.40 

32.72 

33 80 

32.92 

Brookston clay loam A 2 . 

36.10 

38 90 

39.10 

38.60 

Brookston clay loam B . 

38.62 

39.00 

38.40 

38.10 

Greenville clay loam B . 

52 06 

48 85 

47.72 

48 08 

Cecil loam clay loam B. 

58.03 

60.70 

60.10 

59.55 

Manor schist loam B . 

34 00 

30.01 

30.90 

30.60 


Not dispersed in 9 minutes. 
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The Strongs sandy loam was reddish brown and seemed to contain organic 
matter mixed with iron, which was hard to disperse in 9 minutes. The Min¬ 
nesota Carrington silt loam contained considerable organic matter probably 
not in a thoroughly decomposed state and would not disperse in 9 minutes, 
but did in about 30 minutes. Other soils containing as large as, or larger 
organic matter than, the Carrington silt loam, such as the Illinois clay loam, 
Iowa Bremer clay, Michigan Brookston clay loam, and others, were easily 
dispersed in 9 minutes and as will be seen, gave a very good relationship. 
The California Yolo loam does not give such a big disagreement, but it does 
not give so close agreement as the other two soils of its series, Yolo clay loam 
and Yolo clay. No possible explanation can be suggested for this disagreement 
unless this soil contained some colloidal material which was not completely 
dispersed in 9 minutes. 

The disagreement in the three soils mentioned above, although not very 
great, probably serves the purpose of indicating that there may be exceptional 
and abnormal soils which may not follow the relationship very closely. Ex¬ 
cepting these unusual cases, however, the relationship is remarkably close 
considering the diversity of the soils, and the difficulty of taking absolute rep¬ 
resentative samples of soils for both sets of experiments. The hydrometer 
method would seem to be justified, therefore, in being adopted to determine 
the colloidal content of soils in 15 minutes as compared to one week, which is 
required by our present methods. It might be added here also that the agree¬ 
ment in the results between the heat of wetting and hydrometer methods 
is a great deal closer than the agreement in the results between the dye, 
water vapor, and ammonia methods as obtained by Gile et al. (4). 

It is of the greatest significance to note that whether 50, 75, or 100 gm. of 
soil was employed, the percentage of colloids is the same in the different quan¬ 
tities and agrees with the percentage of colloids as determined by the heat of 
wetting method. This fact is very important, for it goes to show that the 
principle of the hydrometer method is basic and sound, and that the relation¬ 
ship between the two methods is fundamental and not accidental. 

A very interesting thing revealed by the foregoing results is the fact that 
even soils with considerable amounts of calcium carbonate give a very good 
relationship. Calcareous clay and most of the soils from the C horizon contain 
considerable amounts of calcium carbonate and yet they show close relation¬ 
ship. 

Since the hydrometer when floating follows entirely fundamental physical 
laws and is not disturbed by outside factors, the amount of material it indicates 
in a liter of water at the end of 15 minutes or at any length of time for the 
different soils, must be of the same average size of particles in the different 
soils. In other words, when two soils show different amounts of material in 
suspension in a liter of water at the end of a given time, this suspended material 
must be of the same average size of particles in both soils. Here then, is an¬ 
other quick way of determining the amount of material of the same average 
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size of particles in the different soils. It must be remembered that every¬ 
thing being equal, the rate at which soil particles settle, is governed mainly 
by their size. 

Since the hydrometer method gives absolutely comparable results for the 
different soils, and since these results show such a remarkably close relation¬ 
ship with those obtained by the heat of wetting method, it goes to prove that 
the heat of wetting method has been a correct method for determining the 
colloidal content of soils. The hydrometer method apparently tends to meas¬ 
ure the same thing as the heat of wetting method. 

Following the above facts and reasoning further, it would seem reasonable 
to expect that if there were no experimental error in the heat of wetting method 
and if the soils were all completely dispersed in the hydrometer method, the 
results of the two methods would be still closer than they are. 

The hydrometer method lends itself to determining the colloidal content 
of a soil in any condition of moisture, that is, whether the soil is oven-dry, or 
moist. If there has been a belief, therefore, that drying the soils affects their 
colloidal content, it can be easily tested out by this method. Preliminary 
studies with this method indicate, however, that a dried soil gives practically 
the same colloidal content as before drying. This statement, however, may 
not apply to all the organic soils. 

Although all the different quantities of soil in the same quantity of water 
that have been employed, showed the same percentage of material in sus¬ 
pension at the end of 15 minutes, 50 gm. is probably preferable, except in 
soils which have a very low colloidal content, where 100 gm. is preferable. 

In view of the remarkably consistent closeness of the relationship in many 
diverse types of soils between the percentage of colloids as shown by the heat 
of wetting and the percentage of the material staying in suspension at the end 
of 15 minutes in a liter of water, and in view of the fundamental basis governing 
this relationship, it would seem only logical to employ this relationship as a 
factor for determining very rapidly the colloidal content of soils. 

Finally, by referring once more to the foregoing experimental results, it will 
be seen readily that the colloidal content of soils is infinitely higher than for¬ 
merly was thought. This is, however, a new concept that is being forced upon 
us by the newer methods of studying colloids. These new methods are the 
water adsorption (4), base exchange (5), heat of wetting (2), and the hy¬ 
drometer method. All these methods seem to agree pretty well in indicating 
this high colloidal content of soils. 

If this high colloidal content is correct, it means that our present textural 
classification of soils is wrong and has to be changed radically to conform to 
these new concepts. Investigations looking toward a textural reclassification 
of soils are being conducted at this laboratory. 
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SUMMARY 

The hydrometer method is presented as a new and very rapid method of 
estimating the colloidal content of soils. 

By means of this method the colloidal content of a soil can be determined in 
15 minutes. The colloidal content of three soils can be determined in less than 
one hour. 

This is accomplished by the aid of a factor which has been discovered to 
exist between the colloidal content of a soil as determined by the heat of wet¬ 
ting and the percentage of the material staying in suspension in a liter of water 
at the end of 15 minutes. In other words, the percentage of the material stay¬ 
ing in a suspension at the end of 15 minutes, as indicated by the hydrometer 
method, is equal to the percentage of colloids as determined by the heat of 
wetting method. There seems to be a fundamental basis for this relationship, 
as it has been found to hold remarkably close in all classes and types of soils, 
with very few exceptions which are due to rather undecomposed organic mat¬ 
ter, or organic matter very difficult to disperse. 

The soils are dispersed by a stirrer driven by a very fast motor and are con¬ 
tained in a specially constructed cup. The length of dispersion is 9 minutes 
except in a few special cases. To each soil sample is added 5 cc. of N KOH to 
stabilize the soil particle or colloids, as some of the soils have a tendency to 
flocculate. The hydrometer when floating is governed entirely by absolute 
physical laws. That being the case, the results it gives for the different soils 
must be absolutely comparable. This means then that the amount of soil 
material staying in suspension at any given time in a liter of water must be of 
the same average size of particles for the different soils since, everything being 
equal, the rate at which soil particles settle, is governed by their size. 

Since the hydrometer method gives absolutely comparable results for the 
different soils and since these results show a very close relationship with the 
results of the heat of wetting method it means then that the heat of wetting 
method has been a correct method for determining the colloidal content of 
soils. Evidently both methods tend to measure the same thing 

By following the directions closely for executing the determination, the re¬ 
sults of any soil can be duplicated almost exactly any number of times. 

A new and special hydrometer has been constructed for measuring the 
density of the soil suspensions, which is very accurate and sensitive and gives 
grams of dry material per liter of water directly. 

It is believed that this hydrometer method can be employed now with con¬ 
fidence and assurance for determining the colloidal content of soils and such 
determination seems to be accurate, except in a very few special cases. 

Since the colloidal content of soils, as indicated by the hydrometer method, 
as well as by the heat of wetting, water adsorption, and base exchange methods 
is infinitely higher than used to be believed, a new and radical textural re¬ 
classification of soils is needed. 
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Showing the Dispersing Machine, Cylinder and Hydrometer, in the Determination 

of Soil Colloids 
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Donnies Numtriques de Cristallographie et de Min&ralogie . By M. L. Spencer. 
Section D of Tables Annuelles de Constantes et Donnies Num&riques de 
Chimie, de Physique et de Technologies Edited by Ch. Marie. Vol. 
V—Years 1917 to 1922, inclusive: Part 1, pp. i-xl, 1-804 (1925); Part 2, 
pp. i-lii, 805-1934 (1926). Gauthier-Villars & Cie, Paris; The Cambridge 
University Press, Cambridge; University of Chicago Press, Chicago, 
1925. Price, cloth, $25.00, paper $22.00. 

Section D, Crystallography and Mineralogy (pages 1285-1403) comprises 
six subdivisions (in French), as follows: I. Crystallography of Minerals, 
II. New Crystalline Form of Minerals, III. Crystallography of Inorganic 
Compounds, IV. Crystallography of Organic Compounds, V. Structure of 
Crystals from X-ray Data, and VI. Miscellaneous Data. (Elements in earth’s 
crust, specific heats of various minerals, hardness of minerals and rocks, and so 
forth.) 

Volume V of the Annual Tables, of which Section D is a part, contains data 
accumulated during the years 1917 to 1922 inclusive. The publication of a 
volume each year was interrupted by the World War and the inclusion of six 
year’s data in one volume has been necessitated by the afterwar conditions in 
many countries. 

These Tables are not intended to take the place of, or compete with, the 
International Critical Tables. They are planned to make available an annual 
non-critical summary of the material obtained during a current year, it being 
the function of the Critical Tables to present the data after a critical 
examination. 

The present volume is in seven sections. It may be purchased in sections or 
as the complete volume. 

l This review was prepared by Prof. Walter C. Russell, of the New Jersey Agricultural 
Experiment Station. 
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EFFECT OF FERTILIZERS ON THE GERMINATION OF SEEDS 1 

JACOB L. MAXTON 
Virginia Polytechnic Institute 
Received for publication July 10, 1926 

It is becoming an increasingly widespread practice in some sections for 
farmers to mix the seeds of grasses and clovers with fertilizers and to sow the 
seed and fertilizers together. The question is frequently asked whether the 
seed will be injured if they are not sown immediately after they are mixed with 
the fertilizer. The investigation reported in this paper was started to answer 
this question. 

MATERIALS AND METHODS 

The seeds used were alsike clover, Canada bluegrass, creeping bent grass, 
crimson clover, Kentucky bluegrass, lespedeza, meadow fescue, orchard grass, 
redtop, red clover, sapling clover, sheep’s fescue, tall meadow oat grass, 
timothy, white clover, white sweet clover. All the different kinds of seeds 
showed good germination between moist blotting paper in the laboratory. 
Two hundred seeds of each kind were placed in contact with various fertilizers 
for one-week, two-week, three-week, and four-week periods. The fertilizers 
used were acid phosphate (16 per cent P 2 O 5 ), ammonium chloride, ammonium 
nitrate, ammonium phosphate, ammonium sulfate, calcined phosphate, cal¬ 
cium carbonate, calcium cyanamide, calcium oxide, potassium chloride, potas¬ 
sium sulfate, and synthetic urea. The seeds were planted in Hagerstown silt 
loam in the greenhouse. The soil was held as far as practicable at optimum 
moisture conditions. The rates of application of the fertilizers are shown in 
table 1. 

RESULTS 

Germination as affected by fertilizers 

As shown by the data in table 2 calcium cyanamide was most injurious to 
germination. However, all of the fertilizers reduced germination to some ex¬ 
tent. In some instances urea reduced germination to a marked degree. 

The different kinds of seeds were affected in different degrees by the fer¬ 
tilizers. Meadow fescue, with the exceptions of calcium cyanamide and cal¬ 
cium carbonate treatments, germinated higher when in contact with fertilizers 
than when seeded without being in contact with fertilizers. Timothy seed 

1 Abstract from minor thesis in agronomy submitted in partial fulfillment of the require¬ 
ments for the degree of Master of Science. 
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apparently was injured but little by being seeded in contact with different 
fertilizers, except calcium cyanamide. Kentucky bluegrass, and white sweet 
clover seeds were injured more by the fertilizers than the other seeds used, ns 
shown in table 3. 

The average percentage germination of grass seeds under all treatmentslor 
all the periods was 70, as compared with 100 for the checks, and with 62 to 
100 for the other kinds of seeds. In other words, there was practically no 
difference in the reduction in germination of seeds of grasses and those of the 
other kinds used. 

Effect of time of contact of seed with fertilizer on the germination 

The results shown in tables 2 and 3 indicate that the injury to germination 
is not affected by the seeds being in contact with the fertilizers different lengths 

TABLE 1 


Rates of applying fertilizers per acre 


FERTILIZER 

AMOUNTS 

Acid phosphate . 

pounds 

200 

Ammonium chloride... 

100 

Ammonium nitrate. 

100 

Ammonium phosphate. * . 

100 

Ammonium sulfate. 

100 

Calcined phosphate. 

200 

Calcium carbonate. 

500 

Calcium cyanamide. 

100 

Calcium oxide... 

250 

Potassium chloride.. 

100 

Potassium sulfate. 

100 

Urea. 

50 



of time before being sown. There are no consistent differences between 
the effects on germination with the seeds remaining in contact with the ferti¬ 
lizers for 1, 2, 3, or 4 weeks. The length of time seeds are in contact with dry 
fertilizers is inconsequential. 

The data in table 2 do not show whether the injury occurred before or after 
the seeds were planted. In order to study this point further, the seeds of 
crimson clover and tall meadow oat grass were placed in contact with the ferti¬ 
lizers for 4 weeks. Some of the seeds were then separated from the fertilizers 
and seeded and some were left in contact with the fertilizers and seeded. The 
results as shown in table 4 indicate that all the injury was produced after the 
seeds were planted and that the contact of the seeds with the dry fertilizers for 
the 4-week period did not injure the germination. 

The ability of the soil to counteract the injurious effects of fertilizers on 
germination of crimson clover was determined by applying the fertilizers iff 
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TABLE 2 

Percentage of germination of clovers and grasses when placed in contact with different fertilizers for 
varying periods of time and then placed in the soil with the fertilizers 


Seeds . 


Germination ... 


Lesnedeza White Kentucky Canada Meadow 

1 clover bluegrass bluegrass fescue 



Treatment 

Check. 

Ammonium sulfate.... 

Acid phosphate. 

Calcium oxide. 

Ammonium chloride.. 

Check. 

Calcined phosphate... 

Potassium sulfate. 

Ammonium nitrate... 
Potassium chloride.,. 
Ammonium phosphate 

Check. 

Urea. 

Calcium cyanamide... 
Calcium carbonate.... 


20133131120 51161150161167159148139142136153134128114127114120 


22 20 19 
6 5 8 
14 12 14 

14 16 19 
6 6 7 

22 1424 
21 12 10 

15 9 7 

6 5 4 
12 910 

7 5 3 
2018 21 

4 3 2 
2 4 2 
19 19 18 
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TABLE 2 —Continued 


Seeds . 

Tali meadow 
oat grass 



Creeping 
bent grass 

Timothy 

Germination . 

per cent 

per cent 

per cent 

percent 

per cent 

Weeks of contact . 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 ' 

1 

2 

3 

4 

Treatment 

Check. 

52 

43 

36 

43 

12 

9 

10 

14 

20 

32 

22 

28 

38 

42 

29 

51 

92 

H 

86 

88 

Ammonium sulfate. 

50 

49 

49 

43 

3 

11 

8 

7 

8 

16 

8 

6 

23 

36 

31 

34 

81 

74 

74 

72 

Acid phosphate. 

49 

51 

34 

38 

8 

9 

11 

12 

16 

m 

20 

18 

14 

38 

m 

39 

84 

m 

86 

84 

Calcium oxide. 

37 

35 

44 

41 

2 

0 

3 

4 

24 

16 

24 

24 

31 

m 

i 

34 

74 

72 

m 

67 

Ammonium chloride. 

40 

32 

44 

35 

7 

9 

9 

8 

24 

10 

16 

22 

18 

33 

34 

36 

58 

74 

74 

70 

Check. 

44 

44 

49 

44 

9 

17 

11 

14 

24 

22 

28 

30 


44 

56 

m 

m 

83 

88 

84 

Calcined phosphate. 

36 

33 

33 

31 

4 

6 

5 

6 

28 

28 

24 

36 


48 

33 

55 

91 

90 

90 

86 

Potassium sulfate. 

38 

40 

34 

31 

3 

7 

9 

6 

m 

m 

16 

18 

ft 

25 

43 

32 


m 

71 

82 

Ammonium nitrate. 

46 

66 

37 

36 

7 

6 

8 

5 

22 

18 

22 

18 

m 

22 

28 

34 

26 


72 

56 

Potassium chloride. 

45 

39 

51 

40 

m 

8 

m 

12 

14 

18 

22 

10 

13 

21 

31 

51 

38 

80 

82 

70 

Ammonium phosphate. 

45 

42 

56 

42 

7 

8 

11 

9 

24 

24 

16 

14 

8 

18 

14 

24 

48 

82 

68 

72 

Check. 

48 

46 

38 

46 

9 

17 

8 

14 

24 

22 

24 

m 

38 

54 

m 

m 

m 

m 

82 

80 

Urea. 

26 

27 

33 

22 

11 

14 

9 

5 

14 

12 

6 

4 

8 

9 

23 

9 

77 

44 

52 

44 

Calcium cyanamide. 

0 

0 

1 

3 

2 

0 

1 

n 

4 

2 

6 

4 

2 

0 

3 

0 

1 

0 

2 

2 

Calcium carbonate.... 

45 

39 

35 


4 

7 

9 

8 

18 

16 

a 

18 

49 

52 

62 

64 

88 

91 

90 

91 






the row and allowing a 5-day period to elapse before sowing the seed. The 
results presented in table 4 indicate that by applying fertilizers several days 
before sowing the seeds, the harmful effects of fertilizers on germination can 
be largely overcome. 

Nature of the injury to the germination of seeds by fertilizers 

The question frequently arises whether the injury resulting from applying 
fertilizers in contact with seeds takes place before or after the radicles or 
plumules emerge from the seed coats. Sherwin (2) found that germination 
was inhibited by inorganic fertilizers and the seedlings injured by organic 
fertilizers while Hicks (1) and Shive (3), using inorganic fertilizers, found that 
injury occurred to the seedling. 

The seeds of crimson clover and timothy were planted in contact with 500 
mgm. of various fertilizers in 50 gm. of sand in Petri dishes and the sand was 
held at 50 per cent of its saturation. The fertilizers used were ammonium 
sulfate, calcium cyanamide, potassium sulfate, and urea. 

The seeds were left in the sand for 10 days. Some of them swelled, but no 
germination took place. The harmful effects of the fertilizers in these cases 
evidently were due to the injury to the seed before germination rather than to 
the seedling. 

From the experiments conducted to study the effect of solutions of the ferti¬ 
lizer salts of different concentrations on the plasmolysis of the seedlings and the 
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TABLE 3 

Percentage of germination of clovers and grasses when placed in contact with different fertilizers for 
varying periods of time and then placed in the soil with the fertilizers 


Average for all treatments 


SEEDS 

TREATMENT 

GERMINATION OF SEED TREATED 

GERMINATION 
FOR ALL PERIODS 

1 week 

2 weeks 

3 weeks 

4 weeks 

OP CONTACT AS 
COMPARED 
WITH CHECK 

Red clover. J 

Fertilizer 

per cent 

34 

Per cent 

30 

Per cent 

32 

Per cent 

37 

per cent 

62 

i 

Check 

51 

52 

56 

55 

100 

Alsike clover. J 

Fertilizer 

37 

42 

38 

40 

70 

t 

Check 

57 

56 

55 

55 

100 

Sapling clover. j 

Fertilizer 

28 

24 

24 | 

18 

57 

Check 

36 

41 

46 

43 

100 

Crimson clover. J 

Fertilizer 

21 

14 

15 

14 

70 

1 

Check 

29 

23 

20 

19 

100 

White sweet clover. J 

Fertilizer 

13 

11 

9 

9 

51 

1 

Check 

24 

21 

17 

21 

100 

Lcspedeza. j 

Fertilizer 

40 

41 

48 

42 

65 

Check 

63 

71 

71 

57 

100 

White clover. / 

Fertilizer 

23 

26 

36 

34 

61 

l 

Check 

45 

41 

61 

49 

100 

Kentucky bluegrass. j 

Fertilizer 

10 

• 

12 

11 

7 

46 

Check 

21 

23 

22 

1 21 

100 

Canada bluegrass.<f 

Fertilizer 

16 

15 

15 

20 

56 

Check 

29 

i 

31 

30 

■ 

27 

100 

Meadow fescue. 1 

Fertilizer 

24 

26 

26 

25 

104 

l 

Check 

20 

26 

26 

25 

100 

Sheep’s fescue . j 

Fertilizer 

: 

19 

17 

17 

13 

81 

Check 

20 

22 

: 

20 

19 

100 

Tall meadow oat grass. j 

Fertilizer 

38 

38 

38 

33 

84 

Check 

48 

43 

41 

! 44 

100 

Rhode Island bent grass . j 

Fertilizer 

: 

6 

7 

8 

7 

58 

Check 

10 

14 

10 

14 

100 

Orchard grass . j 

Fertilizer 

17 

17 

17 

16 

66 

Check 

23 

25 

1 25 

29 

100 
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TABLE 3—Continued 


SEEPS 

TREATMENT 

GERMINATION OF SEED TREATED 

GERMINATtON 
FOR ALL PERIODS 
OF CONTACT AS 
COMPARED 
WITH CHECK 

1 week 

2 weeks 

1 weeks 

4 weeks 



per cent 

per cent 

Per cent 

Per cent 

per cent 

Creeping bent grass.1 

Fertilizer 

20 

28 

31 

34 

59 

l 

Check 

42 

47 

51 

52 

100 

Timothy./ 

Fertilizer 

58 

70 

69 

67 

77 

1 

Check 

87 1 

88 

85 

84 

100 


TABLE 4 

Percentage of germination of seeds sown with and without fertilizers 


Seeds . 

Crimson clover 

Tall meadow oat grass 

Method of seeding. 

Separately 

In contact 

After 5 days 

Separately 

In contact 

Germination . 

Per cent 

per cent 

per cent 

per cent 

! per cent 

Treatment 






Acid phosphate. 

54 

9 

24 

41 

38 

Ammonium chloride. 

46 

18 

12 

33 

35 

Ammonium nitrate. 

68 

13 

20 

30 

36 

Ammonium phosphate.. 

71 

12 

28 

47 

42 

Ammonium sulfate. 

66 

11 

43 

42 

43 

Calcined phosphate. 

61 

14 

50 

26 

31 

Calcium carbonate. 

64 

14 

45 

35 

30 

Calcium cyanamide. 

65 

2 

17 

18 

3 

Calcium oxide . 

63 

13 

31 

30 

41 

Potassium chloride. 

57 

32 

56 

23 

40 

Potassium sulfate. 

49 

14 

58 

47 

31 

Urea. 

65 

12 

14 

35 

22 

Check. 

44 

44 

44 

23 

23 


germination of the seeds, it seems that the concentration which allows seeds to 
germinate will not materially injure the seedlings. 

SUMMARY 

Under the conditions of this experiment and with the fertilizers and seeds 
used the following statements seem warranted: 

1. The mixing of seeds and dry fertilizers together for one to four weeks does not injure the 
seeds to any noticeable extent. 

2. The injury to germination, which occurs, takes place after the seeds are placed in moist 
soil and not before seeding. 

3. Some fertilizers cause greater reduction in germination than others. 

4. Some seeds show greater reduction in germination than others because of contact with 
fertilizers in the soil. 
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5. The injury from the fertilizers seems to be to the seed, preventing germination rather 
than destroying the seedling before it appears above the surface of the soil. 
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THE HYDROMETER AS A NEW METHOD FOR THE MECHANICAL 

ANALYSIS OF SOILS 

GEORGE JOHN BOUYOUCOS 
Michigan Agricultural Experiment Station 

Received for publication July 6, 1926 1 

The physical and, to a large extent, also the chemical characteristics of a 
soil, are controlled chiefly by the proportion of its particles of various sizes. 
Such physical and chemical properties or relationships of a soil as structure and 
tilth, ease of cultural operations, water-holding capacity, water-percolating 
capacity, capillary movement of water, evaporation of water, availability of 
water, wilting coefficient, heat of wetting, adsorbability and retainability of 
plant-food constituents, reactivity toward chemical reagents, solubility, and 
productivity, are all influenced largely by the size of particles present in the 
soil. This fundamental fact has long been recognized and has led to a tre¬ 
mendous amount of work on the part of various investigators in an effort to 
devise methods for making mechanical analyses of soils and determining the 
proportion of their particles of various sizes. The old standard mechani¬ 
cal analyses for this purpose are well known and need not be considered here. 
These methods, however, while giving an approximate determination of the 
amount of the various soil particles, are very laborious and time consuming. 
The desire to have a simpler, quicker and more accurate method for the deter¬ 
mination of the physical constituents of the soil, has led many investigators, 
in the last few years, to undertake a study of the subject. Different methods 
for the purpose have been proposed. Among these recent methods may be 
mentioned those of Oden (5), Robinson (6), Jennings, Thomas, and Gardner 
(2), Johnson (3), and Keen (4). 

The method of Oden is probably the most ingenious. It consists in placing 
the pan of a balance at the bottom of a column of soil suspensions, allowing the 
soil particles to settle upon this pan, and recording automatically the time 
required for a definite weight to settle. From an accumulation curve that is 
thus obtained, the size distribution of the mineral particles of soils is calculated 
by the application of certain mathematical formulas. 

This original method of Oden has been somewhat modified by Keen, John¬ 
son, and others. 

1 At the author’s request, the priority rights of this paper were transferred to “The hydrom¬ 
eter as a new and rapid method for determining the colloidal content of soils,” which was 
received for publication July 23,1926 and which appeared in Soil Science 23: 319-335. 
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Robinson’s method consists of allowing to settle in a cylindrical vessel a 
soil suspension of known concentration, which is then sampled with a 20-cc. 
pipette at different times and the dry matter determined. By this method it 
is claimed that the mechanical composition of a soil or clay can be derived from 
the determination of the concentration of the settling suspension for different 
values of depth time. 

The method of Jennings, Thomas and Gardner, is about the same as that of 
Robinson with the main exception that in the former a “multiple-mouthed 
pipette” is employed, which would tend to make the process of sampling more 
accurate. 

HYDROMETER METHOD 

While investigations to devise methods (1) for the determination of the 
colloidal material in soils were being conducted, the idea occurred, that the 
hydrometer might be advantageously employed to estimate the colloidal, or at 
least the finer material in the soil, and also to measure the rate of settling of the 
soil particles and thus obtain a distribution curve from which the size distri¬ 
bution of the soil particles might be calculated. 

The method was examined and from the results obtained, gives great promise 
for its successful application in estimating the fine material in the soil and es¬ 
pecially in obtaining the distribution curve. 

The hydrometer employed was a Zuevenne’s Lactodensimeter 2 (plate 1) of a 
very large volume surface and considerable weight, both of which made it 
very sensitive and accurate. This particular Lactodensimeter had in its stem 
a, thermometer, the graduations on which were used as points for comparative 
measurement of the density of the suspension of the different soils, or of the 
same soil at different periods of settling. The thermometer was graduated to 
1 degree and the readings could be estimated to about 0.2 degrees. This de¬ 
gree of division on the scale seemed to give all the accuracy desired for practical 
purposes. The divisions ranged from 30 to 115 and consequently the density 
of wide degrees of concentration of soil suspensions could be measured. 

The hydrometer was calibrated so that the density could be read directly 
on its divisions, by determining the reading of suspensions of various concen¬ 
trations, then evaporating these suspensions down to dryness to ascertain the 
amount of dry material present, and then applying the necessary calculations 
to ascertain the amount of dry material to which each division of the hydrom¬ 
eter is equal per unit volume of water. The calibrations were done in very 
concentrated and very dilute suspensions of very colloidal clays. These ex¬ 
treme calibrations showed that each division on the hydrometei was equivalent 
to 0.849 gm. per 1000 cc. of water. Each reading on the hydrometer, therefore, 
could be translated directly into grams per liter of water. 

The actual determinations were made by placing 75 gm. of soil in a large 
earthenware mortar. The soil was then washed two or three times with dis- 

* Since this paper was written a new soil hydrometer has been made and a new method 
has been adopted for dispersing soils. 
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tilled water by decantation, care being taken to prevent stirring up the soil 
The purpose of this washing is to eliminate the salts, and thus facilitate the 
deflocculation and make the soils more comparable. After the soils were 
washed they were gently rubbed with a pestle to break up the compound soil 
particles and to put the soil into the dispersed condition. The soil was then 
mixed with an excess of water, allowed to stand for a few seconds, and the super- 
natent liquid poured into a cylinder. The latter had a capacity of 1100 cc. 
and was 17 \ inches high and 2J inches in diameter. The process of rubbing, 
mixing with water, and decanting was continued until all the soil material 
in clays, or all the dispersable material, in sandy soils was disperesd. The 
cylinder containing the suspension was then filled with distilled water up to a 
certain point, shaken vigorously for about 5 minutes, and then set upon a table. 
The hydrometer was quickly placed in the suspension and readings were 
taken every minute for any length of time desired Some times the readings 
were extended to several hours, but it was found that after the first hour the 
rate of settling is very slow. 

Various quantities of soils were employed, but only the results with 75 gm. 
will be presented here. With this quantity of soil was used in every case 1075 
cc. of water. In the calculation of the results, however, only 1000 cc. are 
employed, the other 75 cc. are considered to be consumed in wetting or satu¬ 
rating the soil. 

The experiments were carried on at room temperature. The room tempera¬ 
ture remained quite constant, and the thermometer in the hydrometer showed 
that the temperature of the suspension would not change much during the 
experiment. 

Repeated trials showed that the results could be duplicated very closely or 
exactly, if the soil was well dispersed and if the temperature remained the 
same. 

It was observed that the hydrometer would make small sudden jumps oc¬ 
casionally, as the mercury column of a thermometer does. This is probably 
due to a lag in the movement of the hydrometer. The irregularities thus 
produced, however, are so insignificant that they are hardly noticeable when 
the results are plotted. 

It was also noticed that at the top of the hydrometer bulb or shoulder a 
small amount of sediment would settle. This occurred, however, only occa¬ 
sionally and on long standing and the amount was usually so small that it could 
hardly affect the results. 

As is well known of course, the density of the suspension in a column of 
liquid varies with the depth, being greatest at the bottom of the column and 
smallest at the top of the column. The hydrometer reading proved to give 
an average of all the different densities in the column from top to bottom. 
Soil particles continue to influence the density and hence, the hydrometer 
reading, as long as they are dispersed in the liquid, but cease to exert an influ¬ 
ence as soon as they settle out of the liquid. 
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The method as a whole is very simple, quick and accurate, and appears to 
have considerable promise. It can certainly give very good results on the rate 
of settling, from which the distribution curve of various sizes of particles can 
be worked out. It also gives promise of being able to determine, at least in an 
approximate way, the fine material in the soil, and possibly also the colloidal 
content. 


TABLE 1 

Rate of settling of soils as measured by the hydrometer method 


Figure? represent amount of dry material per liter of water staying in suspension at any 
given time out of 75 gm. sample taken. 


TIME 

OHIO SILT 
LOAM 

TENNESSEE 
SILT LOAM 

URBANA 
CLAV LOAM 

CALIFORNIA 
YOLO CLAY 
LOAM 

CALIFORNIA 
YOLO CLAY 

ONTONAGON 
SILT LOAM 

A, 

ONTONAGON 
SILT LOAM 

A* 

ONTONAGON 
SILT LOAM 

Bx 

minutes 

gm. 

gm 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

0 

63.053 

44.375 

63 053 

67 289 


62 204 

64.751 

66.449 

1 

52.865 

41.828 

58.808 



57.959 

58.808 

63 902 

2 

46.073 

40.300 

52.865 

54 563 

52 865 

55.412 

56.261 

62.204 

3 

42.677 

38.008 

49.469 


50.318 

53 714 

54.139 

61.779 

4 

38.432 

36 055 

46 073 

46.922 

47.347 

52.865 

52.865 

61 355 

5 

36.734 

34.187 

43.526 

45.649 

46.073 

51 167 

51 595 

61.100 

6 

34.187 

32.574 


43.526 

44.800 

50.318 

51.167 

60.506 

7 


30 961 


41.828 

54 102 

49 469 

50 743 

60.336 

8 

30.791 

29 518 

36 734 

40 555 

41.828 

48 620 

50.063 

59.826 

9 

29 518 

28 244 

35.461 

39.281 

40.555 

47.771 

49 469 

59.572 

10 

28.074 

26 546 

34.187 


39 451 

47.347 

48.875 

59.402 

11 

26 291 

25 357 

32.914 

36 904 

38 602 

46 752 

48.620 

58 977 

12 

25 273 

24 678 


36 564 

37.753 

46 243 

48.196 

58.638 

13 

23.999 

23.744 


35.885 

36 904 

45 733 

47.686 

58.383 

14 



29.518 

35 036 

36 310 

45.394 

47.092 

58 128 

15 

22 471 


28 669 

34 442 

35.800 

45 054 

46.752 

57.959 

16 

21.877 

21.452 

27 820 


35 036 

44 630 

46 243 

57.789 

17 

21.282 

20.773 

26.471 

32 914 

34 612 

44 375 

46.073 

57 619 

18 




32.489 

34.187 

44 205 

45.818 

57.534 

19 

19.924 

19.584 

25.273 

31.895 

33.763 

43 696 

45.563 

57.279 

20 

19.584 


24.848 


32 914 

43 441 

45.394 

57.194 

30 

16.188 

14 915 

20.263 

27.225 

28.669 

40.979 

44.120 

56.006 

60 

11.159 



21.367 

22.216 

37.753 

41.828 

! 53.459 

75 



12.113 






95 



10.415 


18.900 

35.885 



240 





12.113 


34.612 


1260 








33.763 


In view of the foregoing description and discussion it would appear that the 
hydrometer method would have many advantages over the other methods that 
have been proposed. In the first place, it is simpler, much quicker, more 
practical and ought to be more accurate than most of the other methods, es¬ 
pecially those of Robinson and Jennings, Thomas, and Gardner, where the 
suspensions have to be sampled by pipettes. The fact that the density of the 
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suspension column varies with the depth, that the hydrometer reading gives 
an average of all the densities from the top to the line where soil particles go 
out of suspension and settle, and also that the hydrometer reading indicates 
directly the amount of material that is in suspension at any particular moment, 
makes the method very unique indeed. Furthermore, the whole soil can be 
used. 


TABLE 2 

Rate of settling of soils as measured by the hydrometer method 


Figures represent amount of dry matter per liter of water staying in suspension at any 
given time, out of 75 gm. sample taken. 


TIME 

STEWART 

LOAM 

Al 

STEWART 

LOAM 

A* 



ONAWAY 

LOAM 

A* 

ONAWAY 

LOAM 

Ct 

napanee 
S tLT LOAM 

Ai 

NAPANEE 
SILT LOAM 

Bl 

NAPANEE 
SILT LOAM 

Cl 


gm. 

gm 

gm 

gm. 

gm 

gm. 

gm. 

gm. 

gm. 


35 036 

38 432 

37 583 

20.603 


30 791 

58 808 

58 808 

59.657 


27 820 

26 122 

26 122 

11 689 

14.660 

26 122 

49 045 

51.107 

52 865 

2 

21 452 

23 150 

22.726 

8 712 

12.962 

23.999 


47.347 

49 469 

3 

19 754 

21 452 

19.754 

7 430 

12 113 



44.969 

46 498 

4 

19 216 

20 603 

19 075 

7.014 


22 301 

38 602 

42.677 

44.375 

5 

17 207 

19.499 

18 056 


10.840 

21 612 

36.564 

41.149 

42 847 

6 

16.438 

18 481 

16 952 


9 910 



39 026 

41 658 

7 

15 509 

18 056 

16.188 




33 338 


40.130 

8 

15 085 

17.377 



9 400 



37 583 

38.941 

9 

14 236 

17.037 

15 085 


9.050 


30 791 

36.734 

38 008 

10 

13 811 

16.443 

14 660 


8 792 

15 589 

29 687 

36 065 

37.074 

11 

13 407 


14.405 


8 712 


28.753 

35.206 

36.310 

12 

13 142 

15 679 

14 066 


8 552 


27.989 

34.866 

35 885 

13 

12 698 

15 424 

13 811 


8 288 


27 395 

34.187 

35.206 

14 


15 169 

13 556 


8.128 


26 376 

33 847 

34.527 

15 

11.033 




7 863 


25 867 

33 338 

34.017 

16 





7.703 


25.188 

32.489 

33 338 

17 





7 519 


24 848 

32 234 

32.659 

18 





7.279 


24.169 

31.810 

32.319 

19 





7.094 


23 744 

31 385 

32.065 

20 

10.335 

13 387 

12.368 


7.014 


23 320 

30 961 

31.470 

30 

8.208 

12.113 

11.179 




19 584 

27.310 

26.122 

60 



8.882 



7 359 

14.236 

23 575 

10.415 


This work is presented as a preliminary report. Being of a preliminary 
nature the data have not been subjected to mathematical treatment. This 
will be done subsequently when the data have been checked in various ways. 
The distribution curve as actually obtained by the experimental data is shown, 
however. 


EXPERIMENTAL DATA 

In accordance with the hydrometer method described, the rate of settling 
was determined for over 30 soils ranging from sand to the heaviest type of clay. 
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The specific soils investigated included Hillsdale sandy loam Ai, Bi and Ba 
horizons; Chippewa fine sandy loam Ai, Bi and B 2 ; Fox loam Aa, Bi and B 2 ; 
Stewart loam Ai, A 2 and Bj; On way loam Ai, A*,BiandCi; Napanee silt loam A x> 
Bi and C x ; Ohio silt loam; Tennessee silt loam; Michigan silt loam; Illinois clay 
loam; California Yolo clay loam and clay; Ontonagon silt loam Ai, A 2 , and 
Ontonagon clay B x . The results obtained on these various soils are presented 
in tables 1, 2 and 3. Because of lack of space, not all of the readings are given 

TABLE 3 

Rate of settling of soils as measured by the hydrometer method 


Figures represent amount of dry material per liter of water, staying in suspension at any 
given time out of 75 gm. sample taken. 


TIME 

HILLSDALE 

SANDY 

LOAM 

Al 

HILLSDALE 

SANDY 

LOAM 

Bi 

t 

HILLSDALE 

SANDY 

LOAM 

Bj 

CHTPPEWA 
FINE SANDY 
LOAM 

Ai 

CHIPPEWA 
FINE SANDY 
LOAM 

Bj 

FOX LOAM 
As 

FOX LOAM 

B, 

FOX LOAM 
Bj 

minutes 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


25.697 


21.452 

49 469 

49.469 

28 244 


17.632 

1 

18.481 

15.509 

12.113 

21 877 

11 26 

22.726 

23 999 

15.085 

2 

16.358 

14.236 

10 415 

15 934 

4.00 

19.754 

21.282 

13.811 

3 

15.085 

13.387 

9.137 

13 387 


18.056 

19 584 

12.962 

4 

13 811 

12 538 

7 700 

11 689 j 


16.358 

18 056 

11.858 

5 

13 132 

11.689 

7.439 

10 400 I 


15 509 

17 037 

10.585 

6 

12.538 

11.264 

7.014 



14.660 

15 934 

8.712 

7 

11.773 

10 840 




13.811 

14.830 

7.014 

8 

11.349 



8.712 


12.962 

13 217 


9 

11.179 

9 561 


8.270 


12 .: 3 

12.538 



10 585 

9 137 




11.264 

11.264 


11 

10 160 

8 712 




10.585 

9 991 


12 

9 736 

8 288 




10.415 

8 882 


13 

9 476 

7 863 




9 821 

7.863 


14 

9 137 

7.863 



i 

9.137 

7.014 


15 

8 797 

7.693 




8.982 



16 

8 627 

7.184 







17 

8 372 

7 014 







18 

8.203 








19 










7.863 








21 

7.693 








22 

7.439 









for some of the soils whose rate of settling was measured for many hours. 
To facilitate presentation, the typical data of several of the soils are graphed 
and shown in plate 2. 

The data in tables 1, 2, and 3 together with plate 2 show unmistakably 
that the hydrometer can be used to measure the rate of settling of soils from 
which a distribution curve might be worked out. It will be seen both from 
the tables and from the figure that the results are regular and consistent and 
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that they must follow certain physical laws. The data plot into unusually 
smooth curves which would strongly indicate the applicability and reliability 
of the method. 

An examination of the results more in detail shows that the rate at which the 
soil particles settle varies tremendously with the different soils. In some soils 
the rate is exceedingly rapid, in others it is very slow. In Chippewa loam, 
for instance, the settling is so rapid that at the end of 2 minutes there is only 
about 4 gm. in suspension in a liter of water out of 75 gm. of the original sample. 
In Ontonagon Clay Bi at the end of 2 minutes there is 62.204 gm. in suspension 
out of the 75 gm., and even at the end of 21 hours there is still 33.763 gm. in 
suspension. As would be expected, of course, the greater the colloidal content 
of a soil the slower is the rate of settling and the greater the amount of material 
in suspension at any given time. The converse of this would also be true 
There are of course some factors which sometimes tend to modify these rules. 

As stated previously, no attempt will be made at this time to apply Stokes 7 
law and other mathematical formulae to these experimental results in order to 
obtain the distribution curve, i.e. the sizes and the amount of the various soil 
particles. This will be reserved for a later date. 

It is of interest to state here that there seems to be a relationship between the 
colloidal content of a soil as determined by the heat of wetting method and the 
amount of material remaining in suspension after standing a given time. This 
suggests the possibility that the hydrometer method might also be used to esti¬ 
mate the fine or colloidal material in soils. 

SUMMARY 

The hydrometer method is presented as a new means of measuring the rate of 
settling of soil particles and thus of obtaining a curve from which the distribu¬ 
tion of the soil particles of various sizes might be calculated. 

The method also gives promise of allowing an estimation of the amount of 
fine or colloidal material in soils. 
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. PLATE 1 

Type op Hydrometer, Cylinder, and Mortar Employed 
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EFFECT OF MOISTURE, TEMPERATURE, AND OTHER CLIMATIC 
CONDITIONS ON R. LEGUMINOSARUM IN THE SOIL 1 

S. C. VANDECAVEYE 
Washington Agricultural Experiment Station 

Received for publication July 12, 1926 

The longevity of the nodule bacteria in the soil in the absence of the host 
plant is still largely a matter of speculation. The earlier belief that these 
organisms are extremely sensitive to sunlight and desiccation is no longer ac¬ 
ceptable, for more recent work has demonstrated that under certain conditions 
they are able to survive relatively wide extremes in temperature and long 
periods of exposure to sunlight or desiccation. The chief factors influencing 
the longevity of these bacteria in the soil are conceded to be the physical con¬ 
dition, composition, and reaction of the soil; the extremes in the temperatures 
of summer and winter; and the extremes in the soil moisture of the dry and 
wet seasons. The factors of temperature and moisture are especially signifi¬ 
cant in the semi-arid sections under cultivation. 

Since in these sections crop production is largely limited by the amount of 
available soil nitrogen, crop rotations including legumes are rapidly being in¬ 
troduced for the primary purpose of maintaining the soil nitrogen supply for 
the production of maximum wheat yields in a permanent system of grain farm¬ 
ing. This maintenance of soil nitrogen is so dependent on the symbiotic ni¬ 
trogen fixation of the legume bacteria that it is extremely important from an 
economic standpoint to know that these bacteria are present and to ascertain 
whether they can survive successfully in the soil during the complete cycle of 
the crop rotation. The semi-arid section of Eastern Washington, due to its 
peculiar climatic conditions, with long, cold winters of freezing and thawing 
followed by long dry periods with relatively high temperatures during the 
growing season, offers an especially favorable opportunity for this study. The 
experiments reported in this paper are chiefly concerned with the effect of the 
long, dry, and hot periods of the summer and to a less extent with the cold 
temperatures and relatively high soil moisture during the winter on the viability 
of JR. leguminosarutn in the soil. 

1 Published with the approval of the Director of the Washington Agricultural Experiment 
Station as Scientific Paper No. 134, College of Agriculture and Experiment Station, State 
College of Washington, Pullman, Washington. 
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THE EFFECT OF TEMPERATURE AND EXTREMELY LOW AND HIGH SOIL MOISTURE 

ON R. LEGUMINOSARUM 

An examination of the literature pertaining to the effect of temperature and 
soil moisture on R . leguminosarum shows that most of the earlier investigators 
agreed that these organisms are very sensitive to sunlight and desiccation. 
More recent studies do not entirely support this viewpoint although results 
are largely variable as can be seen from the typical examples which follow: 

Chester (3) found that legume bacteria perish very rapidly when dried on the seed, whereas 
Fellers (4) and Temple (10) observed that good nodulation was produced from inoculated 
seeds exposed to desiccation for 5 and 9 months. It seems reasonable to conceive that the 
seed coat which is generally smooth and firm offers but little protection to the bacteria and 
that soil particles, on account of the hygroscopic film surrounding them might give the bac¬ 
teria better protection against the effects of desiccation. Even as with the seeds the results 
here indicate wide variations. Prucha (8) found that legtime bacteria inoculated in clay, 
sandy loam, and sand, dried subsequently under atmospheric conditions and kept dry for 
46 days, were either greatly reduced in number or in their infecting power. Fellers (4) on the 
other hand, was of the opinion that the symbiotic nitrogen fixing bacteria may live for years 
in dry soil. He found that fresh soil taken from an inoculated soybean field and stored in a 
dry condition for 18 months caused copious nodule production on soybean plants. Perhaps 
the most convincing evidence in favor of the resistance of legume bacteria to sunlight and 
desiccation was offered by Albrecht (1) in his studies with silt loam soil. He observed that 
thoroughly inoculated silt loam, taken from the field and spread in a thin layer, exposed to 
direct sunlight for 2 months, and later stored in a dry condition for 30 months, was as good 
for inoculating purposes as the f/esh moist soil gathered from the field. 

Apparently the temperature investigators have secured more coordinating results. Jones 
and Tisdale (7) reported that vigorous nodules are produced in inoculated soils at any tem¬ 
perature at which the plant will survive. Fred (5) stated that legume bacteria are able to 
survive through the winter and will withstand ordinary winter temperatures. 


The foregoing examples which are typical of the many varying results in 
the literature on the subject are sufficient to show the need of more definite 
knowledge along this line. 

In an attempt to throw more light on these points an experiment was under¬ 
taken to determine the effect of wide variations in temperature and moisture 
on the development and nodule producing power of R. leguminosarum in 
sterilized Palouse silt loam. This soil is of basaltic lava formation and is highly 
productive. Its nitrogen content is approximately 0.18 to 0.20 per cent, its 
optimum moisture capacity 20 per cent, and its reaction variation from pH 
5.5 to pH 6.5. The soil in general does not readily respond to lime treatments. 

Fifteen ^-gallon glazed pots were filled to within 1 inch of the top with soil 
and sterilized in the autoclave in two intermittent sterilizations of 6 hours each 
at 15 pounds pressure. The pots were allowed to cool and the soil moisture 
was adjusted to its optimum point with distilled water. The first five pots were 
inoculated with a suspension of a pure culture of legume bacteria for alfalfa; 
the second five with a similar suspension of legume bacteria for peas; and the 
last five with a similar suspension of legume bacteria for clover. These sus- 
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pensions were thoroughly mixed with the soil in the pots and allowed to stand 
at room temperature for 5 days. Plate counts were taken from all the pots. 
Then, from each series, triplicate pots were placed out of doors to approximate 
field conditions. The remaining two pots of each series were placed in the 
greenhouse under optimum moisture and temperature conditions to serve as a 
control. Plate counts of all the pots were made periodically to determine the 
effect of the various factors on the numbers of bacteria. 


TABLE 1 

Average counts in millions of bacteria per gram of soil from triplicate pots out of doors and 
duplicate pots in the greenhouse as affected by temperature and moisture 


DATE OF l 

SAMPLING 

TEMPERATURE^ 

ALFALFA ORGANISMS 

PEA ORGANISMS 

CLOVER ORGANISMS 

Moisture 

Number of 
bacteria 

Moisture 

Number of 
bacteria. 

Moisture 

Number of 
bacteria 


°F. 

Percent 


Per cent 


per cent 



Pots kept out of doors 


1/24 

68 

20.0 

123.00 

20.0 

933.00 

20 0 

1,926.00 

3/6 

25 

20 0 

187.40 

20.0 

93 40 

20.0 

254.50 

6/22 

78 

9.0 

1.71 

11.0 

2 01 

9.5 

2.33 

7/22 

92 

2.8 

1 00 

3 8 

2.51 

2.5 

1.21 

8/22 

99 

0.7 

2 15 

0.4 

2.43 

0.3 

1 92 

9/24 

86 

1.6 

1 09 

1.8 

1 62 

1 8 

1.63 

11/6 

67 

17.1 

7.40 

17.5 

13.50 

17.5 

10.20 

12/4 

30 

22.0 

4.08 

21.8 

5.61 

22.4 

10.00 

1/18 

17 

Flooded 

1 59 

Flooded 

1 46 

Flooded 

1.30 

4/9 

14 

18.0 

0 442 

17.8 

0.408i 

i 

18 1 

0.353 


Pots kept in greenhouse 


1/24 

77 

20 0 

670.00 

20.0 

420.00 

20.0 

2,160.00 

3/6 

77 

20 0 

30 00 

20 0 

36.50 

20.0 

38.00 

6/22 

83 

15.0 

44.90 

14 5 

16.25 

14.2 

14.25 

7/22 

89 

16.0 

9 40 

17.0 

10.88 

16.0 

7.82 

8/22 

86 

36.0 

14 60 

16.0 

14.66 

16.5 

21.50 

9/24 

76 

16.4 

16.50 

15.5 

15.50 

17.7 

17.87 

11/6 

75 

17.2 

17.83 

14.5 

11.16 

18.6 

10.16 

12/4 

68 

15.5 

6.37 

16.0 

6 50 

15.5 

9.25 

1/18 

68 

16.3 

2.68 

16.9 

2.03 

16.0 

24.64 

4/9 

77 

17.5 

13.62 

17.1 

5.02 

16.7 

11.40 


Since all the pots were exposed to contamination from the air the difficulties 
involved in making counts for legume bacteria alone are readily recognized, 
hence no claim is made that the exact numbers were determined. By using 
nitrogen-free agar in the plates, however, many of the contaminating forms 
were eliminated. In addition to this, only typical colonies of R. legumino - 
sarum were counted, so the results may be said to be reliable. The samples 
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of soil designed for plate counts and moisture determinations were secured 
each time in the following manner: One-half inch of the surface soil was tem¬ 
porarily removed and, with a small auger, several borings were made through 
the remaining central portion of the soil column until sufficient soil was col¬ 
lected to make both determinations. The holes resulting from the borings 
were filled from the surrounding soil and the surface soil was replaced. Each 
sample was thoroughly mixed previous to weighing out 25 gm. for the moisture 
determination and 1 gm. for the bacterial count. The moisture was deter¬ 
mined by allowing the samples to dry to constant weight under atmospheric 
conditions. The 1-gm. sample for the plate counts were shaken for 20 minutes 
in 99 cc. of sterile water before the usual dilutions were made. Plates were 
poured in quadruplicate and incubated for 7 days at 25°C. before the colonies 
were counted. The counts of the quadruplicate plates were averaged for each 
individual pot. Then the results of the triplicate pots out of doors and those 
of the duplicate pots in the green-house, were again averaged so that the num¬ 
bers given in millions in table 1 represent the average counts of 12 plates and 
8 plates respectively. The moisture and temperature determinations appear 
in the same table. The temperatures recorded represent the maximum tem¬ 
perature occurring between each two dates of sampling in the summer months, 
and the minimum temperature occurring between each two dates of sampling 
during the winter months. 

The most striking feature of the experiment is that the legume bacteria 
inoculated in sterile soil multiplied very rapidly during the first few weeks and 
then decreased considerably regardless of moisture and temperature changes. 
This behavior may be influenced by many factors, chief of which is probably 
the competition of invading organisms. Under optimum moisture and tem¬ 
perature conditions as maintained in the greenhouse this competition seemed 
to establish an equilibrium wherein the legume bacteria had decreased to cer¬ 
tain numbers, which remained fairly constant for several months. This equi¬ 
librium period was followed by a further drop in numbers which also continued 
for several months and was succeeded by a period during which there was a 
strong tendency toward the first state of equilibrium. This condition is hardly 
explainable on the basis of the data secured. It is conceivable that the fluctua¬ 
tion might be caused by a similar fluctuation in the amount of available food 
material, resulting from the difference in metabolic processes of the invading 
and the symbiotic nitrogen fixing bacteria, and the needs of the two kinds of 
bacteria for different food. 

In the pots kept under field conditions there was a distinct correlation between 
the moisture content of the soil and the number of living bacteria. However, 
under the severest conditions of heat and drought prevailing during the months 
of June, July, August, and September, the reduction in numbers of viable 
legume bacteria was relatively small. As soon as moisture was supplied by the 
fall rains late in October, the bacterial numbers increased rapidly and soon 
reached approximately the same proportions as those in the pots in the green- 
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house. A rather abnormal condition occurred in the pots under field condi¬ 
tions when the precipitation during the winter became so great that the soil 
in the pots was covered with water. This was due to the fact that no drainage 
had been provided for in the glazed pots. This flooded condition lasted for 2 
weeks and was very detrimental to the legume bacteria. In fact the reduction 
in their numbers due to excess moisture was much greater and lasted much 
longer than that caused by high summer temperatures and extremely low mois¬ 
ture content. The effect was still noticeable 2 months after the excess water 
had disappeared from the pots. 

At that time—14 months after the experiment was started—sterilized seeds 
of the proper kinds of legumes were planted in all the pots used in the experi¬ 
ment, to ascertain by comparison, the effect of the apparently impaired con¬ 
dition of the bacterial cells of the flooded pots on their ability to produce 
nodules. The plants were allowed to grow for 60 days and were then examined 
for nodules by carefully washing the soil from the roots. Abundant nodules 
were found on the roots of the plants in all the pots irrespective of previous 
conditions. No difference could be observed between the results from the pots 
kept under optimum conditions in the greenhouse and those kept under the 
extreme hardships of field conditions. The experiment demonstrated that, in 
certain soils at least, legume bacteria may survive unusual exposure to wide 
extremes of temperature and soil moisture without any apparent effect on their 
ability to produce nodules on the roots of legumes. 

THE LONGEVITY OF LEGUME BACTERIA IN THE SOIL IN THE ABSENCE OF THE 

HOST PLANT 

It has been demonstrated in the previous experiment that laboratory cultures 
of legume bacteria are able to survive in the soil for more than a year under 
adverse climatic conditions. But from the economic standpoint of the farmer, 
it is also important to know how long they are able to survive under natural 
conditions in cultivated soils in the absence of the host plant. The information 
available in the literature on the subject is rather indefinite and variable. 

Russell and Morrison (9) reported that soybean nodule bacteria are capable of living under 
field conditions without the host plant for a period of 17 years and that they tolerate soils 
with a medium to a strong acid reaction. Fred (5) stated that experience has often shown that 
it is unnecessary to inoculate legume seed even though no legume has been grown on the land 
for a number of years. Hopkins (6), on the other hand, pointed out that there is no reason 
to believe that any of the species of the symbiotic nitrogen gathering bacteria will live in the 
soil for more than a few years. He admitted that it is not definitely known just how long 
they live in a soil without leguminous crops, although he seemed to be quite positive that 
they do live for two or three years, but probably not for more than five or six years. 

To obtain more definite knowledge on this point a simple experiment with 
soil from inoculated fields was planned. Three fields that once had been in¬ 
oculated with alfalfa bacteria were located, where the alfalfa had been plowed 
under, 3,8, and 13 years ago respectively. As each field was summer fallowed 
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during the year following the plowing of the alfalfa and nothing but cereal 
crops were planted subsequently, no legume plants remained to support the 
growth of the symbiotic nitrogen-fixing bacteria. Representative samples of 
soil taken to a depth of 10 inches were collected from each of these fields. Each 
sample was thoroughly mixed and then used to fill three 2-gallon pots. 
Another field was located where peas with an abundance of nodules had been 
grown 10 years ago and where nothing but cereal crops have been raised since 
that time. A composite sample similar to those taken in the alfalfa fields was 
collected, mixed, and used to fill three 2~gallon pots. Sterilized alfalfa and 
pea seeds were then planted in the proper pots and allowed to grow for 60 days. 
At the end of this period the soil in all of the pots was carefully washed from 
the roots of the plants previous to the examination for nodules. Abundant 
nodules were found in every case and there was no perceptible difference be¬ 
tween the nodulation on the plants grown in soil devoid of the host plant for 
2 years and that devoid of the host plant for 12 years. That these results were 
probably not influenced by any favorable conditions of the plant house was 
shown in the results with the peas. It happened that shortly after the soil 
sample was collected from the field, uninoculated peas were again planted in 
that field, and also in an adjacent field where peas had never been grown. The 
nodulation in the field which was inoculated 10 years ago proved to be even 
better than that in the pot experiment. The field where peas were grown for 
the first time was also examined for nodules, but only a few widely scattered 
plants were found to be at all inoculated. These results show that when the 
legume bacteria are present in the soil, they will readily form nodules on the 
roots of the host plant. The experiment further demonstrates that when the 
legume bacteria are once introduced into the Palouse silt loams of the semi-arid 
section of Eastern Washington they are able to live without the host plant for 
at least 10 or 15 years and probably for a considerably longer time. The total 
results of both experiments offer substantial evidence to show that the drying 
out of soils during long, hot, dry periods of summer is not responsible for the 
killing of most legume bacteria of the soil. 

THE EFFECT OF DUST STORMS ON THE DISTRIBUTION OF R. EEGUMINOSARUM 

According to Allen (2), wind storms, dust storms, and mud storms are neg¬ 
ligible factors in the distribution of legume bacteria in Eastern Washington. 
These storms occur quite frequently in this section and considerable amounts 
of fine soil are thus moved about. It would seem that the greater the number 
of fields which are artificially inoculated the greater would be the possibility 
for inoculating new fields by means of the wind blown dust. Since the results 
in the two previous experiments show that the legume bacteria are able to live 
in the soil for many years and that they can withstand desiccation for a con¬ 
siderable length of time, a third experiment suggested itself to determine the 
extent of the distribution of these bacteria as a result of wind action. Nine 2- 
gallon pots were filled with Palouse silt loam and sterilized in the autoclave as 
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in the first experiment. When cool they were placed out of doors where they 
were exposed to the natural atmospheric conditions for 16 months. Then trip¬ 
licate pots were planted with sterile seeds of alfalfa, peas, and clover respec¬ 
tively. From 5 to 10 plants were allowed to each pot and 60 days after 
planting the plants were examined for nodules in the usual way. The nodules 
were counted and the results are given in table 2. 

Only two pots were free from nodules. The others had only a limited num¬ 
ber, but this was sufficient to show that viable legume bacteria are moved about 
by the wind and dust storms and that inoculation is possible by means of these 
factors. It is doubtful whether this natural means of inoculating has been 
effective to any marked extent in the past, for it has been the common experi¬ 
ence that artificial inoculation by means of inoculated soil or laboratory cul¬ 
tures was necessary to secure thorough inoculation in fields planted to legumes 
for the first time. However, a few scattered inoculated plants can generally 
be found in new legume fields where artificial inoculation has not been prac¬ 
ticed. As more fields become inoculated by artificial means the effect of the 

TABLE 2 

Modulation in sterilized soil subsequently exposed to wind and dust storms for 16 months 


TOTAL NUMBER OF NODULES ON 5 TO 10 PLANTS 


Pot number 

Alfalfa 

Peas 

Clover 

1 

0 

4 

3 

2 

9 

0 

5 

3 

4 

3 

2 


wind and dust storms in the distribution of legume bacteria will increase 
proportionately. Although these factors may never be sufficiently effective 
to insure and maintain thorough inoculation in the soils of Eastern Washington 
they constitute a means of natural distribution which should not be entirely 
overlooked. 


SUMMARY 

Pot experiments carried on in the greenhouse and out of doors demonstrated 
that laboratory cultures of R. leguminosarum grown in Palouse silt loam are 
capable of surviving unusual exposure to wide extremes of soil moisture without 
any apparent effect on their ability to produce nodules on the host plants. 

Excessive soil moisture to the point of saturation or flooding was much more 
detrimental to the life of these bacteria than extreme dryness approaching air- 
dry conditions. 

The extremes of temperatures of winter and summer did not prove to 
have any injurious effect on the nodule production of the legume bacteria in 
the soil. 

Legume bacteria for alfalfa, peas, and sweet clover, once introduced into the 
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semi-arid soils of Eastern Washington readily produce nodules and are able to 
survive in the soil for 10 to 15 years or longer in the absence of the host plant. 

Legume bacteria proved to be distributed by wind and dust storms, but not 
to the extent of causing a thorough inoculation of legumes which are planted 
in the fields for the first time. 
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EFFECT OF LOCAL INFLUENCES IN MODIFYING THE GENERAL 
ATMOSPHERIC CONDITIONS 1 
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A statistical study was made of the effect of local influences in modifying 
the general atmospheric conditions that exist in certain sections of Wisconsin. 

Central Wisconsin soils are mainly light textured, the sandy members being 
the most abundant. North and south of this area the soils are mainly silt 
loams. As there is thus a distinct sandy soil covering a large area in central 
Wisconsin an opportunity seemed to be provided to ascertain whether the 
nature of the soil there exerted any marked influence on such climatic factors 
as temperature and rainfall. 

In 1906 Henry (5) referred to this central area as follows: 

There appears to be a rather remarkable deficiency of precipitation in the vicinity of the 
Winnebago basin as shown by the records of Hancock, Fond du Lac, and Stevens Point, the 
average annual precipitation at these stations being nearly 4 inches less than that of sur¬ 
rounding points. It does not seem probable that such a marked difference could occur in so 
limited an area, especially where no marked topographical features exist, and while the 
accuracy of the measurements made at these stations is not questioned, the period of ob¬ 
servations, about 10 years, is too short to determine with certainty whether this discrepancy 
is actual or only apparent. 

The records as obtained by the United States Weather Bureau (7) at certain 
stations over a period of years—since their establishment up to 1920 inclu¬ 
sive—were studied. At Hancock, which lies in the sandy area of Central 
Wisconsin, the United States Weather Bureau station was located from 1903 to 
1920 on a farm. Surrounding country is level and there are no bodies of water or 
timber near. At Madison, which lies south of Hancock in the silt loam area, 
from 1878 to 1920 the instruments were located on one of the buildings of the 
University of Wisconsin in the city of Madison. This building is on a high 
ridge between lakes. The third station selected was Wausau, which lies north 
of Hancock out of the sandy area and where the instruments were exposed on 
the courthouse lawn during the 22 years previous to 1921. The station at 
Wausau was situated a few hundred feet from the Wisconsin River surrounded 
by hills. 

1 Part 2 of a thesis submitted at the University of Wisconsin in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy. 

The author wishes to express his appreciation for the helpful suggestions and criticisms 
tendered by Professor A. R. Whitson. 
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A study of the data obtained during the years mentioned shows that Madison 
has a higher mean temperature for each month of the year than either of the 
other two stations, whereas Wausau has the lowest mean temperature for 
every month. The mean July temperature as shown by this data at Hancock 
was 71.7°, at Madison 72.1°, and at Wausau 68.4°. 

The average rainfall during these same years was: Wausau 31.68 inches, 
Hancock 31.49 inches, and Madison 31.18 inches. A slight decrease in rainfall 
is thus indicated toward the most southern station (Madison), but the dis¬ 
tribution was not the same at these three localities. During the early part 
of the growing season from April to June inclusive, the mean rainfall at Han¬ 
cock was higher than at either of the other stations, but during July, August, 
and September it was highest at Wausau. During the months of April to 
September inclusive, the mean monthly rainfall was lowest at Madison. The 
greatest difference for the mean monthly rainfall between these stations was 
0.70 inch, and that was for May when Hancock had 4.48 and Madison 3.78 
inches. 

Several stations were next selected in the sandy area to ascertain whether 
their records varied considerably from each other. The localities selected 
were Hancock, Wisconsin Rapids, Stevens Point, Meadow Valley, Mather, 
Valley Junction, and Hatfield. The length of the record for these localities 
varied from 17 years for Mather to 28 years at Hancock. Mather was the 
only station at which the mean monthly temperature deviated widely. This 
was no doubt due to the faqt that Mather is situated in a swampy area. The 
mean annual temperature at Mather was 42°F. and at Hancock 44.4°F. whereas 
at the other stations it varied from 43.3 to 43.7°F. 

Two stations at approximately equal distances from Hancock were next 
selected. Merrill, which lies 72.5 miles due north of Hancock, and Madison, 
75 miles due south of Hancock, were chosen as being in silt loam areas, and 
their records compared with Hancock, which is in the sandy area. The 
decrease in temperature northward from Madison through Hancock to Merrill 
was not uniform when the mean temperatures for April to September inclusive 
were compared. The mean temperatures at Hancock for each month, April 
to September inclusive, are very near to those of Madison and not midway 
between those of Merrill and Madison as one might at first expect. 

A like comparison was then made between the temperature records at 
Tomahawk, which is 95 miles north of Hancock; at Brodhead, which is 108 
miles south of Hancock; and at Hancock. The mean temperatures for the 
growing season, April to September inclusive, at Hancock were closer to those 
of Brodhead than to Tomahawk, thus again indicating a higher temperature 
at Hancock than would be indicated by a fairly uniform decrease in tem¬ 
perature from the southern station to the most northern station. 

In comparing temperatures for stations in Wisconsin the nature of the soil 
is likely to have an influence only during those months when there is no snow 
cover and for this reason it is felt that the comparison of the temperatures 
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during the growing season is the most logical. All data hereafter given, 
therefore, are limited to these months. 

A large number of Weather Bureau stations which lie in an almost north- 
south line were next selected and included Brodhead, Madison, Portage, 
Hancock, Stevens Point, Wausau, Merrill, and Tomahawk. 

In this case the temperatures in the sandy area lie close to what the normal 
decrease in temperature from the most southern to the most northern station 
would indicate them to be. 

As the weather of August in Wisconsin is thought by some to be less subject 
to the influence of cyclones or thunderstorms than any other month it is per¬ 
haps best to discuss further the mean temperature for August in and out of the 
sandy area. The stations selected next were Brodhead, Madison, Portage, 
Hancock, Stevens Point, Wausau, Merrill, and Tomahawk running from south 
to north. Corrections—1°F. for every 270 feet—were made for the differences 
in elevation—1091 feet, at Hancock; 812 feet, at Brodhead; 1450 feet at 
Tomahawk. The mean August temperatures of the sandy area were decidedly 
above the normal mean temperature for that latitude, for the decrease in 
temperature from Brodhead northward to Tomahawk was not uniform, 
especially over the sandy area. The data used here were for the years begin¬ 
ning with the establishment of the stations up to 1920 inclusive (6). 

A comparison of the rainfall records of stations in and out of the sandy area 
failed to show any decided difference. One reason for this is the shortness 
of the records and the occasional heavy rainfall which may come at just one 
of the stations. In June, 1914 at Hancock in the sandy area the total pre¬ 
cipitation was 11.75 inches, whereas at Madison in the silt loam area south, it 
was 3.46, and at Merrill north of the sandy area it was 7.10 inches. It is felt 
by the writer that no definite conclusion can be drawn regarding the influence 
of the sandy nature of the soils of Central Wisconsin on the rainfall, as the 
length of the record is not sufficient. 

As the study up to this point failed to sbow r in the sandy area any marked 
difference in rainfall due to the nature of the soil, but as there may be an 
increase in temperature, it was decided to compare the temperatures of the 
stations in this sandy area with those situated in the same latitude in Wisconsin 
and Minnesota. 

One of the earliest notices of variations from the latitude normals was taken 
in 1791,® but the causes named we now consider inadequate, although the 
remarks are of historic interest. Hann (4) summarized the effect of land and 
water in modifying the normal latitudinal temperature. 

The word “anomaly” first used in connection with temperature by Cotte, was taken up by 
Dove in his “Distribution of Heat over the Surface of the Globe.” This famous work pub¬ 
lished in 1852, contained the first charts of Isanomalous Temperatures; they were dedicated to 
Humboldt, the inventor of isotherms. In 1878 a valuable addition was made to the subject 


*Obs. Phys. 39: 42, Paris 1791. 
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of isanomals by Teisserenc de Bort (8). In these charts the advance over Dove's work was 
especially noteworthy in the increased deformation of the lines of equal departure, or 
isanomals. The observations of the “Challenger” Expedition, made by Buchan were the 
basis for the publication of Batchelder’s Isanomalous Temperature Charts (1). In the 
preparation of these charts, the records from 1870 to 1885 were used and the causes of the 
irregularities of temperature distribution were grouped under two heads—the irregular dis¬ 
tribution of the land surfaces of the globe, or continental interruptions, and the circulation 
of the waters of the globe in fixed and natural directions, or ocean currents. The Sahara, a 
sandy and rocky plateau near the equator, has conditions where absorption and radiation are 
very high. In summer this region warms to a maximum of 16°1 ? . above the normal of its 
latitude, but in winter, despite its nearness to the equator and the warm Mediterranean and 
Red seas, it actually falls below its latitude mean temperature, as do the similar Arabian 
desert nearby and the desert in Australia. In like manner Connolly (2) has shown the unequal 
distribution of temperature in preparing his charts on the “Annual Ranges of Temperature.” 

TABLE 1 

Average mean temperatures 1913-1919 
Corrected to elevation of 976$ feet 


STATIONS 

APRIL 

HAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 


°F 

°F. 

°F. 

°F. 

°F. 

*F 

*F. 

Rochester. 

45 4 

55 9 

65 7 

71 7 

68 6 

59 9 

61 2 

Faribault. 

46 3 

56.7 

65 7 

72.0 

69.0 

60.5 

61.7 

St. Peter.-. 

47 9 

57 6 

67.1 

73 2 

70 3 

61 3 

62.9 

Winnebago. . 

47.0 

57.7 

67.5 

74 0 

71.0 

61.5 

63.1 

Zumbrota. # . . 

46 1 

55 9 

64.6 

70.8 

68 1 

59.6 

60.7 

Meadow Valley. 

45 0 

55 1 

64.1 

70.3 

66.7 

58.5 

j 60.0 

Pine River . 

45.0 

55.4 

64.9 

70 6 

67 3 

59.4 

! 60.3 

Mather. 

43.1 

53.7 

62.8 

68 9 

65.0 

56.7 

58.4 

Hancock. 

46 7 

57 0 

66.5 

72 5 

70.3 

61 3 

62.6 

Latitude Mean. 

45.8 

56 1 

65.4 

71.5 

68.5 

59.8 

61.2 


The records for the years 1913—1919, inclusive, were used in this study, for 
during this period according to the records of the United States Weather Bureau 
the thermometers used at the stations selected in Wisconsin and Minnesota 
were not moved. A longer period of years could not be used because at some 
of the stations the location of the thermometers was changed. All the stations 
selected in Wisconsin and Minnesota lie on or close to latitude 44° 8' north. 
The stations selected in Minnesota were Rochester, Faribault, St. Peter, 
Winnebago, Zumbrota; and in Wisconsin, Meadow Valley, Pine River, Mather, 
and Hancock. The elevation of these nine stations above sea level ranged 
from 840 to 1100 feet and therefore that of Meadow Valley, which was midway 
between the extremes at 976^ feet, was taken as the standard elevation. 

As all of these stations were in approximately the same latitude the average 
of the records for each month is called the latitude mean and is given at the 
bottom of the table. 
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The departures of the stations located in Wisconsin from the latitude mean 
are shown in figure 1. The departures in the mean temperature at Hancock 
during the growing seasons of 1913-1919 are seen to be consistently above the 
latitude mean whereas those at Pine River, Meadow Valley, and Mather are 
below. I,n the immediate vicinity of the thermometers at these latter three 
stations there are areas of peat, muck, or swamps whereas at Hancock the soil 
is more predominately a sand. 



Fig. 1. Mean Temperature Range Departures for 1913-1919 

The mean maximum temperatures at these nine stations, which are approxi¬ 
mately in the same latitude, were then compared. The data used are given 
in tables 2 and 3. 

From the figures in the last column of table 3 it is evident that Mather has a 
lower mean maximum temperature during the growing season, that is from 
April to September inclusive, than the other stations. Hancock, on the other 
hand, has the highest mean maximum temperature of the Wisconsin stations 
and, if the mean for the growing season is taken as a basis, it is 3.3°F. higher 
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than at Mather. The mean maximum temperatures for the growing season 
for the same latitude at the Wisconsin and Minnesota stations is 88,6, whereas 
for Hancock it is 89.5 and for Meadow Valley 89.1°F. The departures from 
the latitude mean for the Wisconsin stations are shown in figure 2, which is 
based on table 3. A comparison of figures 1 and 2 shows that the temperatures 
at Hancock during the growing season were above the latitude mean whereas 

TABLE 2 


Mean maximum temperatures during growing seasons 1913-1919 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

CROW¬ 

ING 

SEASON 


*F. 

°F. 

°F. 

°F. 

°F. 

°F. 

°F. 

Rochester. 

79.0 

89.3 

90.7 

96.3 

93 0 

89.9 

89.7 

Faribault. 

77 0 

87.7 

88.6 

92.7 

90.8 

86.4 

87.2 

St. Peter. 

78.0 

88.6 

91.3 

95.7 

94.7 

89 3 

89.6 

Winnebago. 

79.4 

91.3 

93 4 

97.1 

94.6 

90 4 

90.9 

Zumbrota. 

77.0 

87.3 

87.0 

92.4 

92.1 

87.0 

87.3 

Meadow Valley. 

76 3 

88.1 

90.7 

97.1 

94.4 

88.3 

89.1 

Pine River. 

76 3 

88.0 

87.9 

95.9 

91.9 

87.3 

87.9 

Mather. 

74.9 

84.6 

86.7 

93.9 

91.0 

86.3 

86.2 

Hancock. 

76 0 

88 0 

91.0 J 

97.4 

94 1 

87.3 

89.0 


TABLE 3 


Mean maximum temperatures during growing seasons 1913-1919 
Corrected to elevation of 976 \ feet 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 


Of 

°F. 

°F. 

e F. 

°F. 

°JP. 

*F. 

Rochester. 

79.0 

89.3 

90.7 

96.3 

93.0 

89.9 

89.7 

Faribault. 

77.1 

87.8 

88.7 

92.8 

90.9 

86.5 

87.3 

St. Peter. 

77. S 

88.1 

90.8 

95.2 

94.2 

88.8 

89.1 

Winnebago. 

79.9 

91.8 

93.9 

97.6 

95.1 

90.9 

91.4 

Zumbrota. 

76.8 

87.1 

86.8 

92.2 

91.9 

86.8 

87.1 

Meadow Valley. 

76.3 

88.1 

90.7 

97.1 

94.4 

88.3 

89.1 

Pine River. 

76.0 

87.7 

87.6 

95.6 

91.6 

87.0 

87.6 

Mather. 

74.9 

84.6 

86.7 

93.9 

91.0 

86.3 

86.2 

Hancock. 

76.5 

88.5 

91.5 

97.9 

94.6 

87.8 

89.5 

Latitude Mean.j 

77.1 

88.1 

89.7 

95.4 

93.0 

88.0 

88.6 


those at Mather were always below this mean. This applies to the mean 
temperatures for the growing season as well as to the mean maximum tem¬ 
peratures for the same period. In case of Pine River and Meadow Valley, 
these two figures are not in agreement, for in figure 1 both of these stations 
lie below the latitude mean whereas in figure 2 Meadow Valley is comparable 
to Hancock, and Pine River is more like Mather except during the month of 
May. 
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As has been stated, the Hancock Weather Bureau Station is located in the 
more typical sandy soils of Central Wisconsin but when this study had reached 
this point the writer felt that the varying results obtained at the other Wis¬ 
consin stations indicated that perhaps sufficient detailed information relative 
to the immediate surroundings of the thermometers was lacking. Information 
was obtained from the Hancock substation of the College of Agriculture, 



Fig. 2. Mean Maximum 1913-1919 Departure from Latitude Mean 

University of Wisconsin, 4 which showed that the thermometers at Han¬ 
cock were moved in 1910. This was not indicated in the Weather Bureau 
records 6 (3). 

4 Personal communication to the author, dated May 10,1924. 

1 Personal Communication to the author, dated March 20,1924 from the Milwaukee head¬ 
quarters of the Weather Bureau, United States Department of Agriculture. 
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In 1910 the village hall at Hancock, a brick building about 25 feet high, 
was built on the site occupied by the thermometers. The thermometers were 
then moved (1910) to the top of a lean-to about 15 feet south of the village hall 
and at the rear of a two-story frame building. As the previous studies were 
based on the information that the shelter for the thermometers was 5§ feet 
from the ground and later it was ascertained that this shelter was on a 
lean-to 15 feet above the ground it is certain that the nearness to these build¬ 
ings and the distance from the ground were conditions influencing the use of 
temperature data so obtained. 

The thermometers were moved from this lean-to in 1921 to the Hancock sub¬ 
station of the College of Agriculture, University of Wisconsin. The description 
of the present location (since 1921) was furnished by the United States Weather 
Bureau. The thermometers are now located 1088 feet above sea level; over 
sod 70 feet south of house; 70 feet north of bam; 50 feet east of a tree; floor 
of shelter is 50 inches above ground. The topography is level with a low ridge 


TABLE 4 

Mean temperatures for 1922 , 1923 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 


°F. 

°F. 

°F. 

°F. 

°F. 

°F. 

°F. 

Faribault. 

45.6 

60.5 

69.6 

72.1 

70.4 

64.7 

63.8 

St. Peter. 

46 9 

61.3 

71.3 

73.6 

71.9 

66.5 

65.3 

Winnebago. . 

45.8 

60.1 

70 3 

73.1 

71.2 

65 0 

64.3 

Zumbrota . 

45.2 

60.0 

69.2 

72.0 

70.5 

63 8 

63.5 

Meadow Valley... 

43.6 

59.0 

68.0 

70.1 

67.2 

61.4 

61.6 

Pine River . . 

43.7 

60 1 

68 3 

70.1 

67.9 

61.5 

61.9 

Mather. 

42 9 

58.1 

67.1 

69.1 

66.0 

60.4 

60.6 

Hancock. 

42.9 

59.7 

68.9 

70.4 

68 1 

61.6 

61 9 


i mile east; small lake 1 mile northeast; and a thin grove 5 rods west. This 
station is one mile due south from the station formerly in the town of Hancock 
and the date of the first observation was August 31,1921. 

It is unfortunate that there are only two years’ records at present for the new 
location at Hancock; nevertheless, these might give an indication of the 
effect of the local conditions on temperature. The records of the eight 
stations which are in the same degree of latitude in Wisconsin and Minnesota 
were again compared by using the average of the 1922 and 1923 monthly data. 
Rochester, Minnesota was also previously used but could not be used again as 
there are no records for that station for these years. The actual mean tem¬ 
perature for the different months of the growing season at these nine stations 
is given in table 4 for the two years mentioned (3). The average for the six 
months is also shown in the last column. Corrections were next made, as 
previously, for the difference in elevation by converting to the same elevation, 
namely that of 976^ feet, which is the elevation of the instruments at Meadow 
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TABLE 5 

Mean temperatures during growing seasons 1922 and 1923 
Corrected to elevation of 976J feet 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 


°F. 

°F. 

°F. 

*P. 

°F. 

°F. 

*F. 

Faribault. 

45.7 

60.6 

69.7 

72 2 

70 5 

64 8 

63.9 

St. Peter. 

42.4 

60 8 

70 8 

73.1 

71 4 

66 0 

64.8 

Winnebago. . 

46.3 

60.6 

70.8 

73.1 

71.7 

65.5 

64.8 

Zumbrota. 

45 0 

59.8 

69 0 

71.8 

70 3 

63 6 

63.3 

Meadow Valley. 

43.6 

59 0 

69.0 

70.1 

67 2 

61.4 

61.6 

Pine River. 

43.4 

59.8 

68.0 

69.8 

67.6 

61.2 

61.6 

Mather. . . . . 

42.9 

58.1 

67 1 

69.1 

66.0 

60.4 

60.6 

Hancock. . 

43.4 

60.2 

69.4 

I 70 9 

68.6 

62.1 

62.4 

Latitude Mean. 

44.6 

59.9 

69.1 

71.3 

69.2 

63.1 

62.9 


TABLE 6 


Mean maximum temperatures for 1922 and 1923 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AITGU&T 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 



°F 

°F. 

°F. 

°F. 

°F. 

°F. 

Faribault. 

75 5 

85 0 

93 5 

91 5 

92.5 

92.0 

88.3 

St. Peter. 

77.0 

85.0 

96 5 

96.5 

95.0 

97.0 

91.3 

Winnebago. 

75.0 

84.5 , 

95 5 

94.0 

94 5 

93.0 

89.4 

Zumbrota. 

75.0 

83.5 | 

93.5 

94.5 

95.0 

95.0 

89.4 

Meadow Valley.... .. . 

77.5 

87 5 

94.5 

92.0 

94.5 

95.5 

90.3 

Pine River . .... 

77.5 

86 0 

94.0 

91.0 

92.0 

91.5 

88.7 

Mather. 

76 5 

87 0 

92.0 

90.5 

93.5 

94.0 

88.9 

Hancock. 

75.0 

85.0 

94.0 

92.0 

93.5 

93.0 

88.8 


TABLE 7 

Mean maximum temperatures for 1922 and 1923 
Corrected to elevation of 976J feet 


STATIONS 

APRIL 

MAY 

JUNE 

JULY 

AUGUST 

SEPTEM¬ 

BER 

GROW¬ 

ING 

SEASON 

Faribault. 

•F. 

75.6 

°F. 

85.1 

°F. 

93.6 

°F. 

91.6 

°F. 

92.6 

°F. 

92.1 

*P. 

88.4 

St. Peter. 

76.5 

84.5 

96.0 

96.0 

94.5 

96.5 

: 90.8 

Winnebago. 

75.5 

85.0 

96.0 

94.5 

95.0 

93.5 

89.9 

Zumbrota. 

74.8 

83.3 

93.3 

94.3 

94.8 

94.8 

i 89.2 

Meadow Valley... 

i 

77.5 

87.5 

94.5 

92.0 

94.5 

95.5 

90.3 

Pine River. 

77,2 

85.7 i 

93.7 

90.7 

91.7 

91.2 

88.4 

Mather... 

76.5 

87.0 

92.0 

90.5 

93.5 

94.0 

88.9 

Hancock. 

75.5 

85.5 

94.5 

92.5 

94.0 

93.5 

89.3 

Latitude Mean. 

76.1 

85.4 

94,2 

92.8 

93.8 

93.9 

89.4 
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Valley. These corrected mean temperatures are given in table 5. The 
latitude mean given in table 5 is the average for the eight stations for the par¬ 
ticular month or for the growing season. As the previous studies have shown 
and as this latter table likewise indicates, the temperatures at Mather were 
below the latitude mean for every month. The same was true during these 
two years at Pine River and Meadow Valley. The records in table 5, 
however, show that at Hancock the temperatures were generally only slightly 
below the latitude mean and in May and June they were slightly higher. 

These eight stations were next compared by using the mean maximum 
temperatures for the same months during 1922 and 1923 (table 6). Corrections 
for differences in elevations were again made as before (table 7). There is no 
consistent difference between the mean maximum temperatures at Hancock 
and the latitude mean. During the month of August when cyclonic storms 
are less common in Wisconsin and Minnesota and during 1922 and 1923 the 
mean maximum temperature is given as 94.0 at Hancock whereas the latitude 
mean is slightly lower (0.20°F.). 

A period of two years is too short for comparisons between stations, as 
slight irregularities in the instruments, inaccuracy of readings, and many other 
factors may serve to bring in slight discrepancies which are highly magnified 
in such a brief record. It was thought advisable, therefore, to study the tem¬ 
perature records for the month of August over a longer period of years and to 
ascertain if possible whether the change in the location of the instruments at 
Hancock had influenced the temperatures. The records from 1905 to 1923 
inclusive were therefore compared at three stations in central Wisconsin— 
at Pine River and Meadow Valley where the thermometers were in the same 
locations between 1905 and 1923 inclusive, and at Hancock. In figure 3 are 
shown the August maximum temperatures for these three stations for the years 
1905 to 1923 inclusive. The years 1920 and 1921 are omitted, as records were 
not obtained at all of these stations during these two years. 

At Hancock from 1905 to 1910 the average August maximum temperature 
is shown as 91.7, from 1911 when the instruments were on the lean-to already 
referred to until 1919 the average August maximum temperature was 94.0 
and for 1922 and 1923 when the instruments were at the Hancock substation 
the average was 93.5 or 0.5°F. less than when they were on the lean-to. In 
comparison with Hancock, the average August maximum temperature at 
Pine River from 1905 to 1910 was 90.7; from 1911 to 1919 it was 91.4; and for 
1922 and 1923 it was 92.0°F. These latter figures show a progressive increase 
during the three periods chosen. The average August maximum temperature 
at Meadow Valley during the first period, 1905-1910, was 93.7, from 1911 to 
1919 it was 93.4, and during the last period, 1922 and 1923, it was 94.5°F. 

A comparison of the third period with the second shows that at Pine River 
as well as Meadow Valley the average August maximum temperature was 
higher than during the first or second periods. At Hancock the average 
August maximum temperature during the third period was 0.5°F. lower than 
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during the second period but the average of the second period was 2.3°F. 
higher than during the first period. 

If the average August maximum temperatures for the third period are 
compared with the first period it is found that at all three stations it was highest 
during the third period to the following extent, Hancock 1.8, Pine River 1.3, 
and Meadow Valley 0.8°F. That during the years 1911 to 1919 inclusive, the 
thermometers at Hancock were on a lean-to seems to be reflected in the records 



Fig 3. August Maximum Temperatures 


obtained, for the average for these years at Hancock is much higher than 
during the previous period 1905 to 1910 when they were further away from the 
building and over sod. The radiation and reflection of heat from the lean-to 
and main building would result in a higher maximum temperature being 
recorded. During the years 1911 to 1919 inclusive, the records obtained at 
the other two stations do not show such a large increase in temperature over 
the first period, in fact one, namely Meadow Valley, shows a decrease. 
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That the average of the third period (1922,1923) at Hancock is only slightly 
lower than the average for the second period whereas at the other two stations 
the average August maximum temperature for the third period is higher than 
for the second period is further evidence that the average for the second period 
at Hancock is higher than if the instruments were placed away from buildings 
and close to the ground. 

The average for the third period at Hancock when the instruments were 
better located, from the writer’s viewpoint, is 1.8°F. higher than for the first 




MEAOOW VALLCY 



Fig. 4. Mean August Temperatures 

period. This is a greater difference than was the case at the other two stations, 
which seems to indicate that the sandy nature of the soil at Hancock has the 
effect of producing a slightly higher air temperature. As previously stated, 
at the other two stations there are areas of peat and muck as well as sand, 
which, on account of their high moisture content, would offset any affect the 
drier sand might have in increasing the air temperatures. 

A further comparison of the temperature records for these three stations was 
made by using the mean August temperature for the same years as for the 
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preceding study. The results are shown graphically in figure 4. The curves 
for the three stations are remarkably uniform. At Pine River the average of 
the mean August temperatures for the second period 1910-1919 was 67.2°F., 
or 1.8° lower than for the first period 1905-1910. The same was true at 
Meadow Valley where the average for the second period was 66.3 or 1.7°F. 
lower than for the first period. If the same comparison is made for Hancock 
the results are different, for the average of the second period there was 69.2 
which was 0.2°F. higher than the average of the first period. This seems to 
indicate that the average for the second period was higher than it should have 
been. 

If the average for the third period 1922, 1923 is compared with that for the 
first period 1905-1910 it will be seen that at each of the three stations the 
average for the first period was the highest. At Hancock, where the average 
for the first period was 69, at Pine River 69, and at Meadow Valley 68, the 
average for the third period at each of these stations was 68.1, 67.8, and 67.2°F. 
respectively. 

In like manner if the third period is compared with the second period it is 
evident that at Hancock the average of the third period is below that for the 
second period whereas at the other two stations the average of the third period 
is above that for the second period. 

The results given seem to the writer to be sufficient to show that during the 
period 1910 to 1919 inclusive when the thermometers at Hancock were on 
the lean-to previously referred to, the records obtained were higher than would 
have been the case if the shelter for the instruments had been placed further 
away from any building. In the future after a longer record has been obtained 
at Hancock with the instruments in their present location on the substation 
Farm of the College of Agriculture, a more accurate comparison will be possible 
between this station and others favorably situated in the sandy area as well 
as in the silt loam areas north and south of the sandy area. 

SUMMARY 

A comparison oi the rainfall and temperature data obtained by the United 
States Weather Bureau at stations located in Wisconsin and Minnesota made 
over a varying period of years, for the same period, for the growing season and 
for individual months to ascertain whether the sandy nature of the soil in 
Central Wisconsin would influence these climatic elements, showed that the 
effect was very small. 

If the conditions of sandiness and relative lack of cover do affect temperature 
at all, the effect is too small to be shown in the observations made by the 
Weather Bureau. If it were possible to place thermometers with greater care 
and in better locations for the purpose, it might be possible to show a small 
effect of soil texture on climate. 

The placing of a thermometer in a shelter house on a sheet iron lean-to 
resulted in raising the temperature reported for the vicinity of Hancock, which 
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is in the sandy area of Central Wisconsin. At those stations in whose vicinity 
there were large bodies of water, the effect of the water in reducing the average 
temperatures during the warmer period of the year is clearly shown. 

Any effect that the sandy nature of the soil in Central Wisconsin might have 
on the rainfall of this section can not be detected in the data that are at present 
available. Although this sandy soil does have a low water holding capacity, 
it has as good an opportunity of obtaining water as the heavier soils have, and 
the sandy nature of the soil does not tend to raise the air temperature unduly. 
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Introduction and Statement of Problem 

The purpose of the mechanical soil analysis is to obtain the degree of disper¬ 
sion of a soil in water suspension. The method of preparation and the appara¬ 
tus to be employed for such analyses depend upon the purpose for which the 
analyses are made. If the relationship between the colloidal fraction of the 
soil and its content in exchangeable cations is sought, then the basis of the 
mechanical analyses must rest upon the complete dispersion of all colloidal 
material within certain set dimensions. Perhaps this may be reached only 
by such methods as are employed by Hissink in his use of the Atterberg and 
Kopecky methods. Again, if one desires to study the dispersion of a soil 
under more natural conditions, then a method such as the continuous register¬ 
ing device of Oden, or the apparatus of Wiegner, is preferable. It is not 
impossible that the manipulation of such refined methods—and the prepara¬ 
tion of the soil sample for analysis—may reach the ultimate dispersion of all 
material in the colloidal state in the soil. Hence, despite numerous and funda¬ 
mental investigations, a yet unsolved problem, in the mind of the author, is 
the question of the method of preparing the soil sample for the mechanical 
analysis. 

The degree of dispersion of a soil is largely dependent on the presence of 
very small amounts of electrolytes which are contained in the soil and in the 
water. In the sedimentation apparatus of Wiegner-Gessner (3, 7), it is easy 
to show that as little as iXTb 6 to 10 0 V 0 Fo normal electrolyte solutions influence 
the dispersion of certain soil particles. The sensitiveness differs according to 
the size of the particle and according to its chemical nature. From investiga¬ 
tions carried out by R. Gallay (2), in special cases, the fraction between 
5 to 25 m in diameter is especially sensitive. The clay particles change their 

1 Translated and arranged by R. M. Barnette, Assistant Chemist, Soils, University of 
Florida, Agricultural Experiment Station, Gainesville. 

* Agricultural Laboratory. From experiments made in cooperation with R. Gallay, Aeg. 
Tschudi and R. M. Barnette. 
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flocculation value toward a definite electrolyte according to the nature of the 
adsorbed cation. Lithium-, sodium-, ammonium-, potassium-, rubidium- 
and caesium-clays are in the order named increasingly sensitive toward coagula¬ 
tion; correspondingly, the electrolyte sensitiveness increases in the series 
magnesium-, calcium-, strontium-, and barium-clays—in clays with two- 
valenced cations. The sensitiveness concurs with the so-called ion-hydration, 
which is correlated with the atom structure (8). The electrolyte content of 
the dispersing medium, together with the nature of the cations of the outer 
ion-sheath of clay, determines the magnitude of the electrical potential 
of the double-sheath of the suspended particle. Two cases are now to be 
differentiated: 

1. If the potential of a part of the particles is under a critical value of definite magnitude 
at a certain electrolyte content, then a part of these clay particles adheres by collision, 
caused either by the Brownian movement of the smaller, or sedimentation movement of the 
larger, particles; and a partial or slow coagulation starts. If all the particles have a poten¬ 
tial under the critical value, then every collision of particles becomes active, resulting in a 
so-called rapid or complete coagulation. 

2. If the individual particles are charged above the critical potential, as may be the case 
in soil suspensions low in electrolyte content, then the collisions of the particles, caused 
either by the Brownian movement or by sedimentation, are so elastic from electrical re¬ 
pulsion, that no mutual adhesion and no coagulation result. The energy of electrostatic 
repulsion overcomes that of the mechanical collison. The suspension does not flocculate 
and the individual particles remain as such. 

IT 

The methods of preparation, as used to date, change, on the one hand, the 
number of collisions of particles through increased movement (physical 
preparation by shaking, cooking, rubbing); or on the other hand, they change 
the potential (addition of a chemical, as ammonia). 

The first group of physical influences must work differently depending on 
whether the particles in the dispersing medium, water, are charged above or 
below the critical potential. If extremely small amounts of foreign electro¬ 
lytes are present, then the particles are charged above the critical potential, 
and the addition of kinetic energy, i.e., through cooking, causes dispersion. 
If, on the other hand, there are enough electrolytes in the dispersing medium 
that the particles have a smaller potential than the critical; then the increase 
of particle collisions through cooking, etc. decreases the dispersion of the 
suspension. Therefore the same method of mechanical preparation may 
lead to opposite final effects depending upon the electrolyte content and the 
magnitude of the charge on the particles. For example, cooking may disperse 
soil suspensions low in electrolyte content with particles above the critical 
potential, or it may coagulate suspensions with high electrolyte content and 
with particles below the critical potential. As a result, there is no absolutely 
effective way of preparation and every mechanical preparation is in effect 
dependent upon the electrolytes present in the suspension. 
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Experimental Results 

THE DEGREE OF DISPERSION OF A SOIL SUSPENSION PREPARED BY SHAKING, BY 
RUBBING, OR BY COOKING 3 

The following data of R. Gallay (2) demonstrate that the electrolytes in the 
soil suspension have an influence on the effect of shaking, rubbing, or cooking 
as preparation methods. The same sample of a clay soil was subjected to the 
following treatments: 1. Six hours shaking in machine; 2. One hour rubbing 
by the Beam (1) method; 3. Cooking one hour with reflux condenser. 

The same soil sample is always used, an advantage which this apparatus 
alone offers; in that the individual soil fractions are not isolated, but merely 
registered. One may repeat each experiment on the same sample as often 
as desired. The total range of dispersion was taken by the registering device 
of Gessner (3). 4 The tables are calculations from the sedimentation curves. 
The soil was first investigated without washing. Sixty grams of soil was 
shaken with distilled water by method 1, afterward the sample was cooked 
for one hour with a reflux condenser by method 3. The data of table 1 were 
calculated from the dispersion curves. The cooking here resulted in the 
flocculation of the finest fraction of the soil. The particles of the finer portion 
of the soil, which had not been freed from the electrolytes, was probably 
charged under the critical potential. The cooking increased the activity of 
the Brownian movement which increased the number of collisions, this in 
turn led to a partial mutual agglomeration. The number of smallest particles 
was decreased thereby. Therefore cooking coagulated the suspension. 

The action of cooking is different if the soil is freed from electrolytes. Then 
the particles have a potential that is greater than the critical The movement 
of particles, increased by cooking, leads to a mechanical dispersion; the po¬ 
tential is further increased by the hydrolysis of the clay. The experiment 
with the sample of the soil w'hich had been washed free from electrolytes con¬ 
firms this conjecture. 

A sample of the same soil, which was coagulated formerly by cooking, was 
washed with distilled water for several days through an unglazed procelain 
filter. The washing was carried out here, and in all other cases, in such a 
manner that the filter cup was placed in the soil suspension; and the dispersing 
medium drawn from outside into the cup and away by suction. This washed 
soil was shaken in the machine for 6 hours as in method 1; then the same sample, 
from which the water was evaporated, was rubbed, as in method 2; finally the 

* Experiments by R. Gallay. 

4 A comprehensive description of the device together with typical sedimentation curves 
and the methods of calculation are given by Gessner (4). Od£n (6) also gives a review of 
this method and also discusses Wiegner’s method of calculation. The sedimentation curves 
obtained in these experiments are filed at the Agricultural Chemical Laboratory of the 
Eidgenossische Technische Hochschule. Because of the large space requirements, repro¬ 
duction of the curves and their solution is not practicable. 
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TABLE 1 


The degree of dispersion of an unwashed clay soil , prepared by shaking and cooking * 


DIAMETER OP PARTICLES 

METHOD 1. SHAKING PO& 6 HOURS 

METHOD 3. COOKING FOR 1 HOUR 
WITH REFLEX CONDENSER 

mm. 

Per cent 

per cent 

Under 0.02 

47.0 

42.1 

0.05-0.02 

34.1 

37.8 

0.1 -0.05 

13.3 

13 0 

0.2 -0.1 

2.9 

2.5 

2.0 -0.2 

1.8 

2.1 

Total. 

99.1 

97.5 


* Data calculated from the registered sedimentation curves. 


TABLE 2 


The degree of dispersion of the clay soil used for the data in table I, washed , then the same sample 
shaken , then rubbed , and finally cooked * 


DIAMETER OF PARTICLES 

METHOD 1 SHAKEN 

METHODS 1 AND 2 
SHAKEN, THEN RUBBED 

METHODS 1, 2, AND 3 
SHAKEN, RUBBED, COOKED 

mm. 

per cent 

per cent 

per cent 

Under 0.02 

49.0 

53.7 

54 9 

0.05-0.02 

33 6 

31.1 

29.3 

a i -o os 

11.5 

8.9 

8.8 

0.2 -0 1 

3.0 

3.3 

3.5 

2 0-02 

2.4 

2.8 

3.0 

Total. 

| 99.5 

99.8 

. 

99.5 


* Data calculated from the registered sedimentation curves. 


TABLE 3 

The degree of dispersion of a clay soil used for the data in table 2, washed , then the sample cooked 
then rubbed , and finally shaken* 


DIAMETER OF PARTICLES 

I 

METHOD 3. COOKED 

METHODS 3 AND 2. 
COOKED, THEN RUBBED 

METHODS 3, 2, AND 1. 
COOKED, RUBBED, SHAKEN 

mm. 

per cent 

per cent 

per cent 

Under 0.02 

54 1 

53.8 

54.3 

0.05-0.02 

30.4 

30.4 

30.8 

0 1 -0.05 

8.7 

9.0 

8.5 

0.2 -0.1 

2.8 

3.1 

3.1 

2.0 -0.2 

3.5 

3.4 

3.7 

Total. 

99.5 

99.7 

100.4 


* Data calculated from the registered sedimentation curves. 
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sample was cooked for 1 hour with a reflux condenser, as in method 3. For 
each treatment, the settling curves were made photographically. The data 
of table 2 are calculated from the dispersion curves. 

The comparison of the finest fraction under 0.02 mm. shows that the same 
sample, which was shaken, was further dispersed by rubbing and that it 
acquired the highest dispersion by cooking. 

Another sample of the same washed clay soil was so treated that it was 
cooked for 1 hour with a reflux condenser (method 3); then it was rubbed 
(method 2); and finally it was shaken for 6 hours (method 1). Thus the order 
of treatment was reversed. For every treatment the settling curve was made 
photographically. If the cooking was most effective, it must display the 
strongest action in the beginning; the subsequent treatments of rubbing and 
shaking should not increase the degree of dispersion. This is the case, as is 
shown in table 3. 

TABLE 4 


The degree of dispersion, of the same day soil as used for data in tables 2 and 3. Washcd i and 
the same sample rubbed , then shaken , and finally cooked * 


DIAMETER OF PARTICLES 

METHOD 2. RUBBED 

METHODS 2 AND 1 
RUBBED, THEN SHAKEN 

METHODS 2, 1 AND 3. 
RUBBED, SHAKEN, COOKED 

mm. 

per cent 

per cent 

per cent 

Under 0.02 

53.1 

53.0 

56.1 

0.05-0.02 

31.2 

32 0 

29.3 

0.1 -0.05 

9 3 

9.5 

9 2 

© 

© 

3.5 

3.1 

2.9 

2.0 -0.2 

2.2 

2.4 

2 7 

Total. 

90.0 | 

100 0 

100.2 


* Data calculated from the registered sedimentation curves. 


The cooking gave such an energetic dispersion of the washed soil, whose 
particles were completely charged above the critical potential, that the other 
treatments could exercise no further dispersing action. 

Finally a third sample of the washed soil was rubbed (method 2), then the 
sample was shaken for 6 hours (method 1), and finally it was cooked for 1 
hour with a reflux condenser (method 3). The maximum dispersion should 
occur with the last treatment, which was the case, as may be observed from 
table 4. 

From these experiments, shaking as a method of preparation was more 
effective than cooking, for unwashed soil with higher electrolyte content and 
with potentials below the critical. In washed soils with low electrolyte con¬ 
tent where the particle potential was greater than the critical, the dispersing 
action of cooking was more effective than that of rubbing and shaking. The 
action of a method of preparation is then largely dependent upon the electro¬ 
lyte content of the soil and of the solution. The final effect may be contrary 
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for a single method, depending upon whether the soil particles are charged 
above or below the critical potential. 

THE DEGREE OF DISPERSION OF A SOIL SUSPENSION PREPARED BY FREEZING 6 

Another physical influence which changes the degree of dispersion of a sus¬ 
pension is freezing. Although we scarcely apply it as a method of preparation 
for the mechanical soil analysis, freezing has, however, a practical significance 
for the estimation of the action of frost on soils. Further, the action of freez¬ 
ing is of theoretical interest. From the above it is to be expected that freez¬ 
ing would act for the most part in the same manner as an increase in the con¬ 
tent of electrolytes; that is to say, coagulating, presupposing that enough 
electrolytes are present. With freezing, pure water separates, and the mother 
liquid is enriched in salts. The freezing should then cause flocculation in 
soils containing electrolytes. If, on the other hand, the electrolytes are care¬ 
fully removed by washing, then the freezing should be without action, as no 
cause is given for the coagulation and as the particles charge themselves 
above the critical potential in the dispersing medium with a low content of 
electrolytes. 

Experiments confirmed these predictions. The plan of experiment was as 
follows: 

A soil sample of 100 gm., which had not been washed, was cooked with 600 cc. of water 
for J hour for the purpose of dispersing it; and then investigated in the Wiegner apparatus 
with the registering device of Gessner (method 1). After this, the same sample was frozen 
and the degree of dispersion measured again (method 2). The same sample was then washed 
with distilled water through an unglazed porcelain filter for 8 days, cooked for J hour and 
the degree of dispersion taken (n etbod 3). Finally it was frozen again (method 4). 

To the washed soil was added 0.001 N calcium chloride, and the curve for the dispersion 
taken (method 5). This sample containing the salt was finally frozen, and the degree of 
dispersion again registered (method 6). 

A comparison of the data obtained with methods 1 and 2 should give the 
action of freezing on a soil which had not been washed; a comparison of data 
from methods 3 and 4, the action of freezing on the same but washed soil low 
in electrolyte content; a comparison of data from methods 5 and 6, the action 
of freezing on the same soil at a definite salt content (0.001 N CaCl 2 ). The 
data of table 5 show that the freezing had a coagulating action on the finer 
particles of the unwashed soil. 

From table 6 the two dispersion curves of the same sample appear the same 
before and after the freezing of the washed soil, as was to be expected. The 
freezing had no influence on the degree of dispersion of the washed soil con¬ 
taining no electrolytes. 

The effect of the addition of CaCl 2 is given in table 7. The soil has be¬ 
come coarser in degree of dispersion through the addition of CaCl 2 (com- 


5 Experiments by Aegidius Tschudi. 
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TABLE 5 

The influence of freezing on the dispersion of an unwashed Loess loam from Gdnhard by Aarau* 
One hundred grams cooked with 600 cc. of water. The degree of dispersion determined 
directly and after freezing. 


DIAMETER OP PARTICLES 

METHOD 1. DIRECT 

METHOD 2. AFTER FREEZING 

mm. 

per cent 

percent 

Under 0.02 

40.0 

27.5 

0.05-0.02 

40.0 

50.0 

0.1 -0.05 

13.0 

15.0 

0.2 -0.1 

5.0 

4.5 

2.0 -0.2 

1.3 

2.0 

Total. 

99.3 

I 

99.0 


* Data calculated from the registered sedimentation curves. 


TABLE 6 

The influence of freezing on the degree of dispersion of a washed soil* 

The same sample of Loess loam soil as used for the data of table 5. Washed 8 days 
with distilled water; the degree of dispersion determined directly and after freezing. 


DIAMETER OF PARTICLES 

METHOD 3. AFTER WASHING 
DIRECTLY 

METHOD 4. AFTER WASHING AND 
FREEZING 

mm. 

Per cent 

per cent 

Under 0.02 

50.0 

50.0 

0.05-0.02 

30 4 

30.4 

0.1 -0.05 

13.0 

13.0 

0.2 -0.1 

5.0 

5.0 

2.0 -0.2 

1.3 

1.3 

Total. 

99.7 

99.7 


* Data calculated from the registered sedimentation curves. 

TABLE 7 

The influence of freezing on the degree of dispersion of a salt-containing soil* 

A Loess loam, washed for 8 days, then cooked, was treated with 0.001 N CaCl* and the 
degree of dispersion measured before and after freezing. 


DIAMETER OF PARTICLES 

METHOD 5 WASHED SOIL IN 

0.001 A T CaCU 

METHOD 6 WASHED SOIL IN 
0.001 N CaCls AFTER FREEZING 

mm. 

Per cent 

Per cent 

Under 0.02 

30.5 

0.0 

0.05-0.02 

57.3 

71.0 

0.1 -0.05 

10.8 

22.0 

0.2 -0.1 

1.9 

6.1 

2.0 -0.2 

0.0 

1.2 

Total. 

100.5 

100.3 


* Data calculated from the registered sedimentation curves. 
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paring left hand columns in tables 6 and 7, or method 3 with method S). 
The finer particles decreased about 20 per cent through the CaC^ addition. 
The freezing in the presence of small amounts of calcium salts was so strongly 
flocculating that particles under 0.02 mm. diameter were no longer present in 
the frozen lime-containing soil suspension. Also cooking the frozen soil for 
\ hour did not bring back the original degree of dispersion, as special experi¬ 
ments showed. In practical agriculture, we attribute to the frost a favorable 
flocculating action on the soil. The investigations on the suspensions show 
that the presence of electrolytes is one of the preliminary conditions for favor¬ 
able end effects. 

On the basis of these investigations it follows that the mechanical and 
physical methods of preparation may act entirely differently in a soil suspen¬ 
sion, depending upon the electrolyte content of the soil. This content is the 
result of the degree of soil washing. It was demonstrated for example; that, 
the cooking was dispersing on washed soil low in electrolyte content; conversely, 
it was coagulating upon unwashed soil high in electrolyte content. This 
action is dependent upon the critical potential of the particles. As another 
example, freezing was coagulating on unwashed suspensions high in electro¬ 
lyte content; whereas, on the other hand, it had no detectable action on dis¬ 
persions low in electrolytes. 

It is extraordinarily difficult to determine a definite end point for the wash¬ 
ing with distilled water. The longer the soil is washed, the further the finest 
clay portions of the suspensions are hydrolyzed. Hydrogen ions replace 
alkali and alkaline earth ions in the clay, upon which depend changes in the 
swelling and imbibition, which in turn influence the size of the particles. There 
is then a point where the critical potential of the clay particles will be exceeded. 
We should exceed it in case we do not desire to measure coarse secondary 
aggregates; but on the other side of the critical point, the washing is increas¬ 
ingly active in changing the degree of dispersion. 

THE DEGREE OF DISPERSION OF CARBONATE-FREE AND HUMUS-FREE SOIL SUS¬ 
PENSIONS (SOIL 1458) AND OF CARBONATE-CONTAINING AND HUMUS- 
CONTAINING SOIL SUSPENSIONS (SOIL 1459) 6 

The experimental plan 

In order to investigate the action of chemical additions, as of ammonia, 
which cause the increase of potential and increase of dispersion, measure¬ 
ments were carried out on the degree of dispersion in carbonate-free and 
humus-free soil sample 1458, and carbonate-containing and humus-containing 
ample 1459. 6 Placed at our disposal by Dr. Hissink of Groningen. The 
carbonate-containing sample had, according to the report of Novak (5) from 
7.6 to 9.3 per cent calcium carbonate. The following plan of investigation 


• Experiments by R. M. Barnette. 
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was used: the carbonate-free and humus-free soil sample A 1458 was investi¬ 
gated—the same sample being used—first after being cooked with water, 
then after it was thoroughly washed, and finally treated with increasing 
amounts of ammonia for the purpose of dispersing the particles. 

The carbonate-containing and humus-containing soil sample (1459) was 
investigated, first, after being cooked with water, then after it was thoroughly 
washed, in order to investigate the effect of the dissolution of CaCC >3 by water. 

Another sample B of the lime-containing sample (1459) was investigated, 
first, after being cooked, and then with increasing amounts of ammonia for 
dispersing the particles. 

Finally a third sample C of the lime-containing soil (1459) was treated in 
the cold with a quantity of dilute HC1 equivalent to the amount of CaCOa, 
then thoroughly washed and finally dispersed with increasing amounts of 
ammonia. Every operation was controlled by registering the dispersion curve 
photographically. 

The preparation of the samples was as follows: 

1. Sample A of the carbonate-free Dutch soil (1458). 

a. Soil sample A (100 gm. in 200 cc. of water) was cooked for J hour; after cooling, it 
was diluted with water, and the degree of dispersion measured directly in the Wiegner 
apparatus with Gessner’s registering device (method 1). 

b. The same sample A was washed for three weeks with distilled water through an un¬ 
glazed porcelain filter (method 2). The test for lime was still positive. 

2. Sample B of the carbonate-containing Dutch soil (1459 ). 

a . Sample B of the carbonate-containing soil (100 gm. in 200 cc.) was cooked for J hour; 
after being cooled, the suspension was diluted with water and investigated directly (method 1). 

b. The same sample #, unwashed, was treated with ammonia until the final content was 
equivalent to 0.01 (method 5). 

c. The same sample B , unwashed, v*as raised to an ammonia content of 0.1 normal 
(method 6). 

d. The same soil sample B, unwashed, was raised to an ammonia content of 0.5 normal 
(method 7). 

3. Sample C of the carbonate-containing Dutch soil (1459). 

a. A 100-gm. sample C of the carbonate-containing Dutch soil was treated with dilute 
hydrochloric acid approximately equivalent to the amount of calcium carbonate present. 
The sample was then washed for 3 weeks through an unplazed porcelain filter. The test 
for lime was still positive. 

b. The sample C was treated with ammonia to a 0.1 normal content (method 9). 

c. The same sample C was raised to an ammonia content of 0.5 normal (method 10). 

The degree of dispersion of a carbonate-free soil suspension prepared by washing 
and by the addition of ammonia to the washed soil 

1, Sample A of the carbonate-free Dutch soil (1458). 

a . Table 8 gives the data calculated from the sedimentation curves of the 
cooked, the washed, and the ammonia-treated soil. 

The figures of the second and third columns show that the removal of elec¬ 
trolytes from the soil was strongly dispersing. The addition of ammonia was 
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coagulating on the finer part of the washed soil (the percentage of the particles 
under 4 tx obtained by methods 3 and 4 is smaller than from method 2); while 
ammonia was dispersing, if we choose the dispersion curve of the unwashed 
soil as a basis of comparison (the fraction under 4ju for methods 3 and 4, is 
greater than for method 1). We have here again the result that the influence 
of a method of preparation (in this case, the addition of ammonia) is different 
depending upon the electrolyte content of the sample. Ammonia was dis¬ 
persing as long as the particles were under the critical potential. 

TABLE 8 


The influence of washing and the addition of ammonia on the degree of dispersion of a cooked 
carbonate-free Dutch soil * {Sample A 1458 ) 


DIAMETER OF 
PARTICLES 

METHOD 1. 
SAMPLE A COOKED 

METHOD 2. 

SAME SAMPLE WASHED 
FOR 3 WEEKS 

METHOD 3. 

SAME WASHED SAMPLE 
IN 0 1 IV AMMONIA 

METHOD 4. 

SAME WASHED SAMPLE 
IN 0.5 N AMMONIA 

mm. 

per cent 

Per cent 

per cent 

per cent 

Under 0.004 

42.89 

69.70 



0.006-0.004 

17.40 

ESH 



0.008-0.006 

7.53 




0.010-0.008 

3 24 

3.03 

2 00 

2.85 

0.012-0.010 

2.85 

1.82 

| 5.14 

2.57 

0.014-0.012 

4.67 

V 7 

2.85 

0.016-0.014 

2.86 

r O w 

4.28 

1 43 

0.018-0 016 

2.59 

1.21 

J 2 57 

2.57 

0.020-0 018 


0.60 


2.28 

0.030-0.020 

5.97 

9.04 

2.86 

3.14 

0.040-0.030 

6.25 

1.05 

2.86 

3.14 

0.05Q-0.040 

1 25 

1 05 

2.31 

1.43 

Over 0.050 

2.50 

1.59 



Total. 

100.00 

100.00 

100.00 

100.00 


* Data calculated from the registered sedimentation curves. 


The degree of dispersion of a carbonate-containing soil suspension , prepared by 
washing , by the addition of ammonia to the unwashed soil , and by the 
addition of hydrochloric acid followed by treatment with ammonia 

1. Sample A of the carbonate-containing Dutch soil (1459). 

Table 9 shows the effect of the 3 weeks washing on the degree of dispersion 
of a soil containing carbonates. The washing of this carbonate-containing 
soil was strongly dispersing, as the percentage of the fine fractions shows. 

2. Sample B of the carbonate-containing soil (1459). 

The sample B of the carbonate-containing soil was cooked in water, then 
treated with ammonia to a content of 0.01 normal, 0.1 normal, and 0.5 normal. 
The results are given in table 10. 

The addition of 0.01 normal and 0.1 normal ammonia has been clearly dis¬ 
persing on the unwashed carbonate-containing soil; as in the case of the car- 
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bonate-free soil, the degree of dispersion of the finest fraction decreases in a 
comparison of the 0.1 normal treatment with the 0.5 normal ammonia. The 
long continued washing of the carbonate-containing soil appears to have been 
more active than the addition of ammonia (compare table 9—method 2, with 
table 10—methods 5, 6, and 7). 

That the mere | hour cooking is not sufficient to give a uniform homogenous 
reproducible dispersion in a carbonate-containing soil, is shown by a compari¬ 
son of sample A> table 9, with sample B, table 10, treated by the same method 


TABLE 9 

The influence of washing (for 3 weeks through an unglazed porcelain filter) on the degree of dis¬ 
persion of the cooked, carbonate-containing Dutch soil * 1459 


DIAMETER OF PARTICLES 

METHOD 1. SOIL SAMPLE A, 
COOKED 

METHOD 2. SAME SAMPLE, WASHED 
FOR 3 WEEKS 

mm. 

per cent 

Per cent 

Under 0 004 

17.86 

43.17 

0 006-0.004 

2.38 

| 4.14 

0.008-0.006 

14 28 

0 010-0.008 

1.90 

2.00 

0 012-0.010 

2.38 

2.19 

0.014-0 012 

2 86 

i 2.44 

0.016-0.014 

2 38 

2.00 

0.018-0 016 

1.90 

1.71 

0 020-0.018 

3.57 

0.20 

0 030-0.020 

7.35 

14 10 

0.040-0.030 

6 50 

4.39 

0.050-0.040 

2 73 

2 19 

0 060-0.050 

3 66 

2.44 

0 070-0 060 

2 20 

1.14 

0.080-0 070 

1.70 

1 30 

0.100-0 080 

2 44 

1.46 

0.140-0.100 

2.20 

1.71 

0.200-0.140 

2.20 

2.19 

2.000-0.200 

19.51 

11.46 

Total.' 

100.00 

100.23 


* Data calculated from the registered sedimentation curves. 


1. Sample A is more finely divided than sample B. Both samples were 
coagulated by the cooking. Such a coagulation is dependent on a large num¬ 
ber of factors which are extraordinarily hard to keep constant. An advantage 
of the Wiegner apparatus is that, in the study of the changes of a sample, we 
are independent of the condition at the beginning, as we study the same 
sample in its changes. Small differences between samples of the same soil 
cannot be controlled. 

3. Sample C of the carbonate-containing Dutch soil ( 1459 ). 

Sample C was freed from CaCOs with dilute hydrochloric acid in slight 
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excess. The dissolved substances were removed as fast as possible by washing 
for 3 weeks through an unglazed porcelain filter. The degree of dispersion 
was then measured and the further dispersion by 0.1 normal and 0.S normal 
ammonia investigated. The results are given in table 11, in which the per¬ 
centages are based on the carbonate-free soil. 

The data show that the treatment with dilute hydrochloric acid and the 
washing out of the electrolytes gave a somewhat finer dispersion than the 

TABLE 10 


The influence of the addition of increasing amounts of ammonia on the degree of dispersion of 
the cooked, carbonate-containing, unwashed Dutch soil * (Sample B 14$9) 


DIAMETER. OF 
PARTICLES 

METHOD 1. 
SAMPLE B COOKED 

METHOD 5 

SAMPLE B IN 0.0 1 N 

NH, 

METHOD 0. 
SAMPLE B IN 0.1 N 
NH, 

METHOD 7. 
SAMPLE B IN 0.5 N 

NH. 

mm. 

per cent 

per cent 

per cent 

per cent 

Under 0.004 


21.42 

26.92 

9.76 

0.006-0.004 


3.33 

5.71 

27.50 

0.008-0,006 


4.76 

3.57 

3.50 

0.010-0.008 


2 14 

2.38 

3.00 

0.012-0.010 

33.33 

2.86 

2.38 

3.00 

0.014-0.012 


2 38 

2.14 

1 75 

0.016-0 014 


2.14 

2.62 

3.50 

0.018-0.016 


2.14 

2.62 

2.50 

0.020-0 018 


2.38 

2.14 

1.38 

0.030-0.020 

18.33 ' 

6.19 

5.17 

6.10 

0.040-0.030 

5.47 

4.66 

5 20 

5.13 

0.050-0 040 

4.47 

5.36 

4.02 

3.86 

0.060-0 050 

2.90 

6.58 

4.76 

3.57 

0.070-0.060 

3 09 

1 95 

2.14 

2.14 

0.080-0.070 

2.38 

2.44 

2.38 

2.38 

0.100-0.080 

2.38 

2.19 

3.57 

2.62 

0.140-0,100 

2.38 

2.44 

2.38 

2.38 

0.200-0 140 

2.14 

2.92 

2.86 

2.38 

2.000-0 200 

22.60 

21.46 

16.66 

13.81 

Total . 

99.47 

99.74 

99.62 

100.26 


* Data calculated from the registered sedimentation curves. 


direct treatment with ammonia (compare table 11—method 8, with table 10— 
methods S, 6, and 7). The direct washing of the carbonate-containing sample 
with distilled water acted somewhat more strongly than the acid treatment 
alone (compare table 11—method 8, with table 9—method 2). The subse¬ 
quent treatment of the acid extracted sample in 0.1 normal and 0.5 normal 
ammonia dispersed the soil further than it was possible to reach with any 
other sample. 
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Results of the Investigations 

The results of the investigations are summarized as follows: 

1. The action of the preparation of a soil suspension by shaking , by rubbing , or by cooking 
for the determination of the degree of dispersion is different, depending upon the electrolyte 
content of the suspension. The cooking of the soil sample is more strongly dispersing in 
comparison with the other two procedures, if the soil suspension is thoroughly washed and 
has only a very small content of electrolytes. The particles are then all charged above 

TABLE 11 

The degree of dispersion of sampie C of the carbonate-containing Dutch soil {1459) treated with 
dilute HCl for the decomposition of the carbonate , washed and suspended in water , then in 
in 0.1 N and finally 0.5 N ammonia * 


DIAMETER OF PARTICLES 

METHOD 8. 

SAMPLE C TREATED WIIH 
HCl AND WASHED 

METHOD 9. 

SAMPLE C IN 0.1 N NHl 

METHOD 10. 

.sample C IN 0 5 N NHa 

mm. 

per cent 

per cent 

per cent 

Under 0.004 

34 28 

47 57 

46.66 

0.006-0.004 

15.71 

10.81 

16.00 

0.008-0.006 

5.72 

3.24 

7 00 

0.01(H). 008 

2 28 

5 00 

2 73 

0.012-0.010 

2 86 

2 17 

2.00 

0.014-0.012 

2 28 

| 3.24 

2.12 

0.016-0 014 

2 00 

2.42 

0.018-0 016 

2 28 j 

| 6 00 

2 73 

0.020-0.018 

2 30 ! 

2.93 

0.030-0.020 

5.21 

3 86 

4 32 

0.040-0.030 

2 71 

6 73 

3 02 

0.050-0.040 

4.73 

2.24 

6 24 

0.060-0.050 

J 2.00 

2 22 

1 60 

0.070-0 060 

1.40 


0.080-0.070 
0.100-0 080 

| 1 32 



0.14G-0.100 

2.00 



0.200-0.140 

2.10 



2.000-0.200 

10 00 

4.17 


Total. 

99.78 

98.64 

99.77 


* Data calculated from the registered sedimentation curves. 

the critical potential. On the otfer hand, with a definite electrolyte content, as is present 
in soil suspensions not washed carefully, the cooking often is more strongly coagulating 
than the other treatments. 

2. The freezing of a soil suspension is coagulating on the dispersion if electrolytes are 
present, as is the case in unwashed soils. If the soil suspensions are thoroughly washed 
with distilled water, the freezing has no detectable influence on the degree of dispersion of 
the suspension. The frost action therefore differs according to the electrolyte content of 
the suspension. 

3. The addition of ammonia , up to an optimum 0.1 normal concentration, is dispersing on 
carbonate-free and carbonate-containing soil suspensions which have not been especially 
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well washed. The washing out of the electrolytes with distilled water in both cases in¬ 
vestigated is more strongly dispersing than the direct addition of ammonia to unwashed 
samples. 

Lime-containing and humus-containing samples gave difficultly reproducible results for 
different samples in the preparation by cooking for I hour. Ammonia dispersed these 
samples further. The most active method for increasing the degree of dispersion was the 
solution of the carbonate with dilute hydrochloric acid in the cold, a subsequent thorough 
washing through a filter, and finally the addition of a 0.1 to 0.5 normal ammonia solution. 

4. In these investigations, the apparatus of G. Wiegner with the photographical registering 
device of H. Gessner , showed itself suitable for the study of minute changes in the degree 
of dispersion of one and the same soil sample. 7 
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It has been considered advisable to obtain additional information on the 
physico-chemical properties of the finer materials that are present in the differ¬ 
ent horizons of the Michigan soil profiles. Accordingly samples have been 
taken from the majority of the profiles of the major soil types of the southern 
and northern groups and brought to the laboratory, where certain studies 
have been made on them. 

The rate of removal of the fine material upon extraction or dispersion with 
distilled water has been determined as well as the heat of wetting and nitrogen 
content of the materials dispersed. Furthermore, the amount of colloids pres¬ 
ent in the various horizons has been estimated by the heat of wetting method. 
Additional studies are in progress. 

RATE OF DISPERSION 

The Ontonagon soil profile was selected for use in the study of the rate of 
dispersion with distilled water and of the differences in the various properties of 
the different sized particles that remained in suspension over a 24-hour period. 
About two-pound samples from the Ai, A 2 , and Bi horizons were placed in 
2-gallon jars. The dispersion of the fine materials was brought about by filling 
the jars with distilled water. The contents were vigorously agitated by means 
of a suction pump constructed of gas pipe and rubber stoppers. Twenty-four 
hours after agitation, the liquid and suspended materials were siphoned off 
and run through the Sharpless Super-centrifuge. The same speed of centri¬ 
fuging was maintained throughout these tests. The liquid was first passed 
into the bowl through the largest opening and the residue remaining on the 
celluloid core in the bowl was separated into two portions; namely, the material 
at the bate, designated as no. 1, and that above which formed a much 
thinner layer, designated as no. 2. The liquid was then passed into the bowl 
through the medium sized tube and the residue collected and added to the 
samples of no. 2. Following this treatment the liquid was again run into the 
bowl through the smallest tube of the separator and the mass collected, desig¬ 
ned as no. 3. These processes were repeated twenty-four times, but inas¬ 
much as the solids collected on the last centrifuging were so small in amount, 
they were grouped as shown in table 1. 
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It is to be noted from the data presented in table 1 that horizons Aa and Bi 
released more material on the first dispersion than they did in subsequent ones. 
As a matter of fact, about as much material was dispersed in the first treatment 
as there was in the remainder. On the other hand a sample collected from Ai 
horizon gave up a very small amount of material the first time it was treated 
with distilled water and under these conditions it would not reach its maximum 
amount until the third treatment. Similar results have been observed with 
numerous soil horizons. This may be due to the presence of certain floccu- 

TABLE 1 


The rate of dispersion of fine material from Ontonagon profile 


DISPER¬ 

SIONS 

Ai B 0RI20N 

Al HORIZON 

Bi HORIZON 

1 

2 

3 

1 

2 

3 

1 

2 

3 


gm. 

gm 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 

1 

7.5 

1 

) 

385 

50 

) 

330 

122 


2 

26.0 

3 

6 

48 

28 ! 

if * 

57 

21 

13 

3 

391.0 

17 

J 

71 

10 1 


62 

20 


4 

100 0 

29 

1 3 

42 

6 

1 . 

42 

6 

1 , 

5 

45.0 

14 

/ 3 

9 

4 

J 1 

6 

6 


6 

100.0 

14 

1 3 

30 

4 

1 . 

19 

3 

} 1 

7 

108.0 

18 

/ 3 

25 

9 

f 1 

25 

5 

8 


7 

l , 

18 

4 

1 . 

19 

5 

}. 

9 

60.0 

17 

/ ' 2 

20 

7 

/ 1 

23 

11 

10 

37.0 

8 

1 . 

14 

3 

1 . 

14 

3 

\ . 

11 

18.0 

5 

j 1 

13 

3 

J 1 

12 

4 

/ 1 

12 

25.0 

5 


9 

2 


9 

3 


13 

38 0 

10 


5 

2 


11 

5 


14 

32.0 

7 


8 

2 


10 

3 


15 

23.0 

5 


9 

3 


10 

4 


16 

20.0 

5 


5 

2 


12 

7 


17 

15.0 

5 


5 

1 


7 

4 


18 

13.0 

3 


5 

1 


7 

4 


19 

11.0 

2 


4 

1 





20 

11.0 

3 


3 

1 


6 

3 


21 

14.0 

3 


3 

1 


5 

3 


22 

15.0 

3 


4 

1 


4 

2 


23 

9.0 



1 

1 


5 

2 



lating substances in the soil which are washed out by the large quantities of 
distilled water added to the soil. 

HEAT OF WETTING 

The heat of wetting determinations were made on the various groups of 
material as well as on that collected from the third dispersion of Ai horizon a n d 
the first dispersion of A 2 and B x horizons respectively. The data obtained ate 
given in table 2. 









MICHIGAN SOIL PROFILES 


393 


It is clear from these datathat the materials that remain in suspension over 
a 24-hour period vary very widely in their properties; the finer materials, 
collected at the upper portion of the tube have an appreciably greater heat of 
wetting those at the base. It is of interest to note here that the materials with 
the lowest heat of wetting, when redispersed in a large volume of distilled water 
remained in suspension many days. It is probable that not only the size of the 
partides or the groups of them but also their specific gravities govern the posi¬ 
tion that they take in the tube. Several determinations of the specific gravities 
of some of the materials collected were made with a special type of pycnometer. 
This type has a bulb at the base and a stem about 10 cm. long with an enlarged 
upper end into which a ground glass stopper fits. Ligroin was used instead of 
water in the determinations because the fine materials would not disperse in it, 
and because there is probably less reactivity between this material and the soil 


TABLE 2 

Beat developed by each gram of material from Ontonagon soil horizons 


: 

3rd 

DISPERSION 

IhT TO I lTH 
DISPERSION 

6th to 1 1th 

DISPERSIONS 

12th to 23rd 

DISPERSION 


calottes 

calories 

calories 

calories 

Ai no. 1. 

5.36 


4.96 

5.56 

Ai no. 2. 

Ai no. 3. 

9.36 

10.67 

8.21 

8.44 

A* no. 1. 

4.94 


4.88 

5.24 

A* no. 2. 

Ajno. 3. 

9.00 

11 73 

7.99 

7.60 

Bi no. 1. 

5.14 


5 77 

5.98 

Bi no. 2. 

Bi no. 3. 

9.53 

11.08 

8.69 

8.42 


particles than there is between water and them. The specific gravity of On¬ 
tonagon Ai no. 1 was 2.638; Ai no. 2, 2.564; Bi no. 1, 2.795; and Bi no. 2, 2.761. 

Early in the investigations remarkable differences were observed in the color 
and tenacity of the materials that collected at or near the base of the centrifuge 
tube and those higher up. Usually the materials at the base proved to be easily 
pulverized when dry and the remainder much more tenacious and horny-like in 
nature. The heat of wetting of the former was much lower than that of the 
latter. 


NITROGEN CONTENT OF DISPERSED MATERIALS 

The nitrogen content of the above collected solids was determined. It is to 
be noteAfrom the data in table 3 that the solids obtained by several dispersions 
were combined in order to obtain a sufficient amount of material for the de- 
termiaations. 
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According to the results obtained by the authors there is a tendency for the 
nitrogen content of the particles obtained from the early and late dispersions, 
respectively, to be greater than it is of those from the intermediate ones taken 
from horizons Ai and A 2 , except specimens A 2 no. 2. Other points of interest 
are; more nitrogen in the materials collected from'horizon Aj no. 1, 2, and 3 
than in A 2 , no. 1, 2, and 3; and the relatively low amounts of nitrogen in the Bi 
samples. 


TABLE 3 


The nitrogen content of dispersed materials from Ontonagon horizons 


HORIZON 

DISPERSION 

NITROGEN CONTENT 

Ai no. 1 

3rd 

Per cent 

0.28 

Ai no. 1 

6th to 11th 

0.22 

Ai no. 1 

12th to 24th 

0.31 

Ai no. 2 

3rd 

0.29 

A] no. 2 

6th to 11th 

0.26 

Ai no. 2 

12 th to 24th 

0.35 

Ai no. 3 

1st to tlth 

0.32 

A 2 no. 1 

1st 

0.10 

A 2 no. 1 

6th to 11th 

0.09 

A 2 no. 1 

12th to 24th 

0.21 

A 2 no. 2 

1st 

0 14 

A 2 no. 2 

* 6th to 11 th 

0.18 

A 2 no. 2 

12th to 24th 

0.18 

A 2 no. 3 

1st to 11th 

0.22 

Bi no. 1 

1st 

0.02 

Bi no. 1 

6th to 11 th 

0 05 

Bj no. 1 

12th to 24th 

0.06 

Bi no. 2 

1st 

0.06 

Bi no. 2 

6th to 11th 

0.09 

Bi no. 2 

12th to 24th 

0.06 

Bi no. 3 

1st to 11th 

0.07 


STUDIES ON MATERIALS COLLECTED BY EVAPORATION 

Fine materials were collected from the different horizons of several soil 
profiles by dispersing them in distilled water. Four hundred grams of the soil 
were placed in a liter beaker. The beaker was filled with distilled water and the 
fine material dispersed by agitating with a stirring rod. After 24 hours the 
liquid was siphoned off and evaporated in an oven. The material was dis¬ 
persed ten times and each time the liquid was drawn off and added to the dry 
residue in the evaporator. If after ten dispersions the required amount of fine 
material had not yet been obtained, a second 400 gm. was taken and the 
process repeated. In some cases this had to be done several times. 
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Heat of wetting 

The heat of wetting determinations were made on these materials as well as 
1 the original soil, and, on the assumption that the heat of wetting is all due 

TABLE 4 

Heat of wetting of soils and dispersed materials 


Fox sandy loam. 


Hillsdale heavy sandy loam 


Napanee silt loam. 


Kewanee loam .. 


Brookston silt loam . ... 


Strong light sandy loam 


Chippewa light sandy loam 


Onaway loam .. 


Stalwart light sandy loam 


Ontonagon silt loam 


AMOUNT OF HR AT FROM T ACH 
CRAM OF MATERIAL 

COLLOIDS IN 

Soil 

Colloids 

SOIL 

calories 

caloric 

Per cent 

1.32 

6.53 

20.21 

2.50 

9.04 

27.65 

1.82 

8.84 

20.58 

0 93 

5.91 

15.73 

1 19 

6.39 

18.70 

1.24 

6.07 

! 10 42 

1 96 

5.35 

35.51 

2.93 

7.13 

41.09 

1.99 

3.92 

50.76 

1 38 

6.22 

22.18 

1.72 

7.33 

4.61 

37.31 


7 98 



8.53 



5 53 

' 

0 42 

8.70 

5 18 

2.53 

10.94 

23.12 

1.11 

9.97 

11 13 

0.72 



2 66 

19.93 

13 34 

1 66 

14.37 

11.55 

0.49 ! 

4 20 

11.66 

1.02 

4.85 

21 03 

2.41 

6.68 

36.07 

1 12 

4.98 

22.49 

2 19 

8.55 

25.61 

1.62 

7.71 

21.01 

2.96 

4.88 

60.65 

3.21 

5.57 

57.63 

4.63 

6.61 

70.04 
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TABLE 6 


Nitrogen in soils and fine materials 


son. TYPE 

HORIZON 

NITROGEN IN SOU. 

NITROGEN IN TINS 
MATERIA! 



percent 

Per cent 

1 

f A 

0.081 

0.16 

Fox. \ 

B 

0.048 

0.09 

1 

; b, 

0.036 

0.08 

| 

A 

0.039 

0.16 

Hillsdale. \ 

B, 

0.010 

0.10 

1 

B, 

0.048 

0.14 

( 

A 

0.112 

0.30 

Napanee. s 

B 

0.084 

0.12 

l 

C 

0.070 

0.09 

( 

A 

0.050 

0.16 

Kewanee. < 

B 

0 

0.03 

l 

C 

0.045 

0.07 


A 

0.224 

0.38 

Miami. 

B 

0.092 

0.17 


D 

0.070 

0.10 

' ( 

A 

0.112 

0.30 

Brookston . < 

B 

0.110 

0.25 

1 

C 

0.030 

0.10 

( 

A, 

0.106 

0.95 

Strongs. \ 

Bi 

0.143 

1.21 

l 

b 2 

0.098 

1.00 

f 

Aj 

0.062 

1.04 

Chippewa. \ 

B, 

0.092 

1.12 

1 

b 2 

0.143 

1.24 

f 

A, 

0.095 

0.24 


Aj 

0.050 

0.19 

n 

Onaway. 

B, 

0.059 

0.21 


C 

0.035 

0.06 

f 

Aj 

0.070 

0.28 

Stalwart. < 

A 2 

0.087 , 

0.20 

1 

Bi 

0.062 

046 

V, 

[ 

Ai 

0.148 

0.29 

Ontonagon. { 

A 2 

0.081 

0.13 

l 

Bj 

0.050 

o.osr 
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to the colloids and that the particles so extracted are representative of the mass, 
the percentage of colloids in the soil was estimated by the use of the formula 

Heat of Wetting of Soil 

- 5 -w |A() 

Heat of Wetting of Colloids A 

These results are given in table 4. 

The heat of wetting values in table 4 are interesting in that the materials 
extracted from the northern Michigan soils, Strong and Chippewa, are re¬ 
markably active; especially is this true of the B horizons. The B horizons of 
the southern Michigan soils are also very active as measured by the heat evol¬ 
ved when they are brought into contact with water. As judged by the touch 
method, the amounts of colloids present in the Stalwart and Chippewa hori¬ 
zons are surprisingly high, otherwise the results are about as one would predict 
and similar to those previously reported. 

Nitrogen content 

The nitrogen content of the original samples and of the extracted materials 
has been determined and is shown in table 5. The results obtained from the 
studies on the various horizons are similar to those previously reported (10, 11). 
Notably, the coarser textured, strongly podsolized northern types or Strong, 
Chippewa, and Stalwart have high percentage of nitrogen in the B layers, 
whereas the finer textured ones, or the Ontonagon and Onaw r ay as sampled, 
carry more of the element in the A horizon, the exception being Ai of the latter 
type. The nitrogen content of the fine materials extracted from the northern 
soils, Chippewa and Strong, is strikingly high and the indications are that the 
majority of it in these types exists in the colloidal state. The probabilities are 
that the colloids for the most part are in the sol state. 
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FACTORS AFFECTING THE HYDROGEN-ION CONCENTRATION 

OF SOILS 1 


L. D. BAVER2 
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Received for publication July 20, 1926 

The hydrogen-ion concentration is perhaps the easiest and quickest method 
of studying the reaction of soils. It is used extensively as an expression of the 
acidity or alkalinity of a soil. The determination of the hydrogen-ion con¬ 
centration in the laboratory and the use of the values thus obtained as ex¬ 
pressions of the acidity in the field, however, involve the consideration of 
several factors: In the first place, does the hydrogen-ion concentration of a 
soil that has been prepared for the usual laboratory analyses give a true ex¬ 
pression of the acidity of the soil in the field? Secondly, is the reaction of the 
soil in the field constant or variable? 

It is the purpose of this paper to report certain studies which have been 
made of the factors that might influence the hydrogen-ion concentration of 
soils. Consideration was given to the effect of air-drying and grinding a soil 
on its reaction; to the periodical variations in the hydrogen-ion concentration 
of soils; to the effect of fertilizer treatments on soil acidity; and to the effect 
of surface treatment on the reaction of the subsurface layers. The results 
were obtained by the use of the quinhydrone electrode (4). 

EXPERIMENTAL 

Most of the experimental work in this study w*as carried out with the Wooster 
silt loam, which is the typical soil at the main station farm. It is a glacial 
sandstone and shale soil, acid throughout its entire profile. The surface and 
subsurface soil is a brown silt loam. Below 14 inches, the subsoil is a yellow¬ 
ish brown, light, silty clay loam. A further description of this soil together 
with its reaction profile is shown in figure 1. 

The effect of air-drying a soil 

Air-drying a soil often produces a change in its hydrogen-ion concentration. 
It is questionable, however, if the change that is brought about by air-drying 

1 Published with the permission of the Director of the Ohio Agricultural Experiment Sta¬ 
tion. 

* The author expresses his appreciation of the kindly suggestions and criticisms of Pro¬ 
fessors G. W. Conrey and R. M. Salter. 
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is significant enough to warrant the conclusion that only fresh, moist samples 
should be used for determining the hydrogen-ion concentration of soils. 
Burgess (10) found that air-drying acid soils had little or no effect upon the 
pH values but that drying alkaline soils caused them to become somewhat less 
alkaline. With the latter he observed a decrease in alkalinity of 0.4 pH. 
Rost and Fieger (28) report a tendency toward increased acidity upon air¬ 
drying both acid and alkaline soils. Some became slightly more acid, others 
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Fig. 1. Description and Reaction Profile of Wooster Silt Loam 


slightly less acid. They conclude that the only reliable indication of condi¬ 
tions existing in the field is obtained by using fresh samples for making hydro¬ 
gen-ion determinations. Gardner and Brown (16) could not find a uniform 
effect of air-drying upon the lime requirement of a soil as determined by the 
Veitch method. 

The results obtained in the present study shown in table 1 indicate that air¬ 
drying an acid soil does not significantly affect its reaction. However, there 
is a considerable decrease in alkalinity with the alkaline soils. With the sub- 
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soils, air-drying has caused a marked increase in acidity, which increases with 
depth. The amount of lime applied to the soil seems to have some influence 
on the change in reaction. Sample L-2 receives 2 tons of ground limestone 
to the acre; L-12, 4 tons; and L-20, 8 tons to the acre. There is a decrease in 
alkalinity upon air-drying these soils of 0.32, 0.23, and 0.01 pH, respectively. 
Samples L-12 and L-20 had practically the same reaction in the fresh condition. 
Thus, it would appear that the lime content of the soil might have some effect 
on the changes in the hydrogen-ion concentration of the soil as brought about 
by air-drying. 

It is evident from the data in table 1 that the use of fresh samples for hydro- 
gen-ion determinations gives a closer expression of the reacton of the soil as 
it occurs in the field than do the air-dried samples. With the acid surface 
soils, however, there was no appreciable change in reaction. It seems, there¬ 
fore, that for practical purposes the hydrogen-ion concentration of an air- 
dried soil would give a sufficiently accurate expression of its reaction, but that 
fresh samples should be used for making refined reaction studies. 

The effect of grinding 

Grinding a soil may have a marked effect on its reaction. Brown and 
Johnson (8) found that grinding Iowa soils through an 80-mesh sieve con¬ 
siderably reduced their lime requirement, determined by the Veitch method, 
and frequently caused the reaction to become basic. Cook (13), on the other 
hand, observed that grinding sandy soils from New Jersey increased their 
acidity as determined by the Veitch method. Cook attributes the difference 
in the results of Brown and Johnson to a difference in soil type. Table 2 
shows the effect of grinding a soil through a 100-mesh sieve on its hydrogen- 
ion concentration. Grinding the acid samples of the Wooster silt loam did not 
materially affect their reaction, but grinding the alkaline soils decreased their 
alkalinity. This was probably due to the exposing of surfaces that had not 
been affected by the additions of lime. The Brookston and Miami clays, 
glacial limestone soils, exhibit a decrease in acidity upon grinding. The 
Dunkirk fine sand, a glacial lake sand, shows a large decrease in acidity after 
it is ground. 

This same effect was observed by Brown and Johnson (8) of Iowa. They 
attributed this reduction in acidity upon grinding to a solution of the minerals 
in the soil. Cook (13) concludes that perhaps the soils of Iowa are not “sands” 
in the purely chemical sense, but consist of particles having a basic internal 
constitution, the surface of which may have become acid on exposure. It 
appears that these reductions in acidity are probably due to the exposing of 
basic materials that are included in the soil particles. At any rate the results 
indicate that grinding a soil changes its reaction to such an extent that only 
unground samples should be used for making hydrogen-ion determinations. 
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TABLE 1 


The hydrogen-ion concentration of the soil as influenced by air-drying 


PLOT 

DEPTH 

MOIST SAMPLE 

AIR-DRIED SAMPLE 

CHANGE IN H-ION 
CONCENTRATION 


inches 

PH 

PH 

PH 

1-E* 

0-7 

5.02 

4.94 

-0.08 

2-E 

0-7 

4.85 

4.83 

-0.02 

3-E 

0-7 

4.81 

4.75 

-0.05 

4-E 

0-7 

4.76 

4.75 

-0.01 

5-E 

0-7 

4.85 

4.76 

-0.09 

6-E 

0-7 

4.84 

4.90 

+0.06 

7-E 

0-7 

4.75 

4.70 

-0.05 

24-E 

0-7 

4.41 

4.47 

+0.06 

11 

0-7 

4 85 

4.89 

+0.04 

18 

0-7 

5.03 

5.09 

+0.06 

22 

0-7 

5.06 

5.00 

-0.06 

24 

0-7 

4.56 

4.56 

0.00 

1-W 

0-7 

8.14 

7.81 

-0.32 

2-W 

0-7 

7.68 

7.50 

-0.18 

3-W 

0-7 

7.77 

7.45 

-0.32 

4-W 

0-7 

7.77 

7.45 

-0.32 

5-W 

0-7 

7.86 

7.56 

-0.30 

6-W 

0-7 

7.72 

7.43 

-0 29 

7-W 

0-7 - 

7.71 

7.39 

-0.32 

8-W 

0-7 

7.71 

7.33 

-0.38 

9-W 

0-7 

7.71 

7 52 

-0.19 

10-W 

0-7 

7.77 

7.60 

-0.17 

11-W 

0-7 

7.86 

7.54 

-0.32 

12-W 

0-7 

7.76 

7.64 

-0.12 

L-4 

0-7 

5 41 

5.31 

-0.10 

L-4 

7-14 

5.60 

5.12 

-0.48 

L-4 

14-21 

5.35 

4.81 

-0.54 

L-4 

21-28 

5.32 

4.69 

-0.63 

L-2 

0-7 

6.88 

6.47 

-0.41 

L-2 

7-14 

5.54 

5.22 

-0.32 

L-2 

14-21 

5.33 

4.81 

-0.52 

L-2 

21-28 

5.29 

4.79 

-0.59 

L-12 

0-7 

7.75 

7.52 

-0.23 

L-12 

7-14 

6.25 

5.86 

-0.39 

L-12 

14-21 

5.59 

5.20 

-0.39 

L-12 

21-28 

5.49 

4.95 

-0.54 

L-20 

0-7 

7.73 

7.72 

-0.01 

L-20 

7-14 

6.59 

6.23 

-0.36 

L-20 

14-21 

5.74 

5.36 

-0.38 

L-20 

21-28 

5.51 

5.10 

-0.41 


* Plots E and W are from the 5-year rotation, east and west ends. 
Plots L are from the supplemental lime tests. 
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Periodical variations in reaction 

The time of sampling appears to be a significant factor in studying the 
hydrogen-ion concentration of soils, Burd and Martin (9) found changes 
varying from 0.2 to 0.6 pH from April to September. Burgess (11) reports 
similar variations from May to September, the acidity being greater during 
July and August. Erdman (15) shows fluctuations of 0.35 pH from March 
until August. The acid soils exhibited greater acidity at the close of this 
period, but there was no consistency in the variation of the alkaline soils. 
Gardner and Brown (16) in periodically studying the lime requirement of 
fertility plots report variations from 0 to 1040 pounds to the acre from June 15 


TABLE 2 

The effect of grinding a soil on its reaction 


SOIL 

DEGREE OF FINENESS 

CHANGE IN H-ION 

Number 

Type 

2 mm. 

100-mesh 

CONCENTRATION 



pU 

pa 

pa 

1-E 


4.94 

4.96 

+0.02 

2-E 


4.83 

4.81 

-0.02 

3-E 


4.75 

4.90 

+0.15 

4-E 


4.75 

4.90 

+0.15 

5-E 

► Wooster silt loam < 

4.76 

4.76 


1-W 


7.81 

7.56 


2-W 


7.50 

7.18 


3-W 


7.45 

7.12 


4-W 


7.45 

7.14 


5-W 


7.56 

7.27 


6-A 

Brookston clay 

6.24 

6.46 


7-A 

Miami clay 

5.11 

5.35 


85-A 

88-A 

| Dunkirk fine sand j 

5.87 

5.55 

6.87 

6.84 

+1.00 
+ 1.29 


to August 15. The acid plots showed a higher lime requirement in August 
than in June. Kelley (20) observed changes of 1.0 pH during the entire year, 
with a continual increase in acidity from July to October. Kurz (21) noticed 
deviations of 1.0 pH during the year. Lipman and his associates (22) show 
fluctuations of 0.7 pH from May to November. Mather (24) reports varia¬ 
tions of 0.7 pH from May to July with an increase in acidity in July. 

In a preliminary study of the reaction of several of the 5-year rotation 
fertility plots, samples that were taken in the late summer or fall were found 
to be more acid than those taken in the spring (table 3). This led to a periodi¬ 
cal study of the hydrogen-ion concentration of the soil. Four different samples 
were taken periodically during the growing season of 1925. Samples A and 
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TABLE 3 

Periodical variation in the hydrogen-ion concentration of several fertility plots of Section D f 

5-year rotation 


PLOT 

DATE OP SAMPLING 

1894 

1923 

August 1 

1924 

April 17 

1924 

June 30 

1925 

April 21 

1925 

September 25 


pH 

pn 

pB 

PB 

PB 

PB 

2 



5.05 

4.75 

4.97 

4.83 

3 

5.07 


5.04 

4.64 

4.93 

4.75 

5 



5.14 

4.55 

4.91 

4.76 

11 

4.88 

.... 

5.06 

4.65 

4.85 

4.74 

18 

4.96 

5.04 

5.24 

4.68 

5.03 

4.92 

22 

4.90 

4.98 

5.08 

4.80 

5.06 

4.88 

24 

4.97 

4.73 

4.90 

4.39 

4.56 

4.47 


TABLE 4 


The relation of rainfall to variations in the hydrogen-ion concentration of the soil 


DATE 

RAINFALL 

SAMPLE A 

SAMPLE B 

SAMPLE C 

SAMPLE D 



inches* 

PB 

pn 

PB 

pH 

April 29 

Before 

> 0.47 

7.10 

5.83 



May 2 

After 

7.22 

5.61 



May 2 

Before 

• 0.70 

7.22 

5.61 

.... 


May 8 

After 

7.17 

5.46 



May 8 

Before 

• 0.73 

7.17 

5.46 

» • • • 

.... 

May 11 

After 

6.80 

5.52 


.... 

May IS 

Before 

• 0.24 

7.35 

5.55 



May 18 

After , 

7.08 

5.40 

.... 

.... 

May 21 

Before 

\ 0.65 

7.05 

5.65 



May 26 

After J 

7.08 

5.40 


.... 

July 13 

After 

2.65 

6.98 

5.33 

6.10 

4.92 

July 17 

Beforel 

> 0.31 

7.25 

5.30 

6.30 

4.88 

July 24 

After J 

7.12 

5.11 

6.31 

4.86 

Sept. 16 

After 

2.49 

7.15 

5.04 

6.52 

4.71 

Sept 21 

Before) 

> 0.02 

7.40 

5.00 

6.70 

4.79 

Sept 23 

After J 

7.33 

5.04 

6.57 

4.81 
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B were sod plots having alkaline and acid reactions, respectively. Samples 
C and D were taken from cultivated plots. These were chosen to study the 
relation, if any, between cultivation and the periodic change in the soil reac¬ 
tion. At the time of sampling, a record was kept of the moisture content of 
the soil, the rainfall, the relative humidity, and the temperature in order to 
observe any correlation between these factors and the changes in the hydro- 



r H J.0 60 7.0 6.0 

Fig. 2. Variations in Soil Reaction on Four Plots from April 27 to September 23 

gen-ion concentration. All hydrogen-ion determinations were made on the 
air-dried samples. 

The results in table 4 show variations in the pH values of samples A, B, C, 
and D of 0.60, 0.92, 0.71, and 0.54, respectively. The acid samples, B and 
D, exhibit a continual increase in their hydrogen-ion concentrations from May 
to September. These results are in close agreement with those reported by 
Burgess (11), Erdman (15), Gardner and Brown (16), Kelley (19), and Mathery 
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(23), who observed an increase in acidity from the spring months to the late 
summer and fall. The alkaline plots show no consistent variations during this 
period. A graphic representation of the data shows these changes more 
clearly (fig. 2). 

TABLE 5 


Periodical variations in the reaction of a soil 


DATE 

SAMPLE A 

SAMPLE B 

SAMPLE C 

SAMPLE D 


pu 

pu 

pu 

PH 

April 27, 1925 

7.40 

5.89 



28 

7.06 

5 78 



29 

7.10 

5 83 



30 

7 18 

5 56 



May 1 

7.27 

5.64 



2 

7 22 

5 61 



8 

7 17 

5 46 



11 

6.80 

5.52 



12 

7 05 

5 52 



13 

7.04 

5 39 



14 

7.11 

5 44 



15 

7.35 

5 55 



18 

7 08 

5 40 



19 

7 24 

5 55 



20 

7.15 

5 35 



21 

7.05 

5.65 



25 

7.25 

5 57 

6 31 

5 25 

26 

7.08 

5 40 

6 27 

5.24 

27 

7.01 

5.39 

6 71 

5 20 

July 13 

6 98 

5.33 

6 10 

4.92 

14 

7.39 

5 28 

6 40 

4 94 

15 

6 90 

5.19 

6.00 

5.06 

17 

7 25 

5.30 

6.30 

4.88 

22 

7 07 

5.29 

6.16 


23 

7.21 

5 20 

6.10 

5 00 

24 

7 12 

5.11 

6.31 

4.86 

Sept. 14 

7 36 

4 97 

6 63 

4.90 

15 

7 02 

5.00 

6.50 

4.80 

16 

7.15 

5 04 

6 52 

4 71 

17 

6.83 

5 10 

6 47 

4.82 

18 

7.46 

5.31 

6.50 

4.80 

21 

7.40 

5.00 

6.70 

4.79 

23 

7.33 

5.04 

6.57 

4.81 

24 

7.12 

5 00 

6.71 

4.90 

29 

7.10 

5.09 

6.45 

4.77 

May 20, 1926 


5.85 


5.25 


There appears to be no definite correlation of moisture content, relative 
humidity, and temperature with the changes in the soil reaction. Rainfall 
seems to have some influence on the variations in the pH values (table 4). 
The acidity of the soil, observed before and after a precipitation of rain, in- 
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creased after the rain 12 times in 18 observations. Kelley (20) also observed 
an increase in the hydrogen-ion concentration following a rain. 

The time of year appears to be an important factor, in the case of the acid 
soils especially. There is a consistent increase in acidity from the spring to 
the fall with a return to approximately the original acidity the next spring. 
Two probable explanations might be given for this phenomenon: First, it 
may be due to the dehydration of the hydrated colloidal silicates with a 
decrease in buffer action during the hot and dry summer months. The rain¬ 
fall and moisture conditions of the winter and spring saturate the soil with 
water and the colloidal silicates resume the hydrated state, thereby causing the 
acidity to return to about the same value each spring. Or, in the second place, 
there may be an accumulation of salts in the soil during the summer which 
would tend toward increased acidity. During the winter and spring these 
salts would be leached away, producing a reduction in acidity. This recurrence 
of acidity was also observed by Kelley (20). It is shown in tables 3 and 5 and 
figure 2. 

The foregoing results show the importance of the seasonal factor in studying 
the hydrogen-ion concentration of soils. Therefore, to say that a given soil 
has a definite pH value implies that there may be a variation of more than 0.2 
in pH above or below the assigned value from time to time. The determina¬ 
tion of the hydrogen-ion concentration of a field soil and its expression in 
terms of pH to the second decimal place scarcely seems logical if one considers 
these variations. 


The effect of fertilizer treatment 

There has been considerable discussion as to the effect of fertilizer treat¬ 
ments on the acidity of the soil. Most of the investigators, however, conclude 
that with the exception of ammonium sulfate the various fertilizers exert no 
appreciable influence on the reaction of the soil. Allison and Cook (1), 
Blair and Prince (6), Brioux (7), Crowther (14), Gardner and Brown (16), 
Lipman and his associates (23), Morse (25), Plummer (27), Stephenson (30), 
and Veitch (31) observed that ammonium sulfate increased the acidity of the 
soil. Sodium nitrate had a tendency to reduce it. Ames and Schollenberger 
(2), in studying the loss of calcium carbonate from the soil, could not find any 
consistent variations which could be attributed to soil treatment with the 
exception of the ammonium sulfate plot which showed a complete loss of the 
carbonate. Hall (17) reported the largest losses of calcium carbonate from 
the ammonium sulfate plot and the smallest from sodium nitrate in Broad- 
balk and Hoos Fields at Rothamsted. Morse (26) observed that twice as 
much calcium carbonate was leached away in the drainage waters from 
the ammonium sulfate treatment as from sodium nitrate. 

In regard to acid phosphate, Skinner and Beattie (29) claim that it causes 
an increase in the acidity of the soil. On the other hand, Ames and Schollen¬ 
berger (2), Brioux (7), Crowther (14), Karraker (19), Lipman and associates 
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(23), Morse (25), and Plummer (27) found no material effect of acid phosphate 
on soil acidity. Bauer and Haas (3), Bear and Salter (5), Conner (12), and 
Veitch (31) conclude that acid phosphate tends somewhat to reduce the 
acidity of the soil. 

Manures do not materially affect the soil reaction as reported by Ames and 
Schollenberger (2), Howard (18), Karraker (19), and Stephenson (30). 
Crowther (14), however, observed a reduction of about 0.5 pH in the soil at 
Woburn with the use of barnyard manure. 


TABLE 6 

The effect of 30 years' fertilizing and cropping on the hydrogen-ion concentration of the Wooster 

silt loam 


PLOT 

1 SECTION D* 

Treatment 

Ea^t halff 

1894 

East half 
September 1925 

West half! 
September 1925 



pfl 

pH 

PH 

2 

P 


4.83 

7.50 

3 

K 

5.07 

4.75 

7.45 

4 

None 

5 14 

4 75 

7.45 

5 

N 


4.76 

7.56 

11 

N, P, K 

4.88 

4.74 

7 54 

18 

Manure, 16 T 

4 96 

4 92 

7 55 

19 

None 

1 

5.03 

4 84 

7 41 

20 

Manure 8 T. 

5 16 

4.86 

7.60 

24 

N in (NHO 2 SO 4 

4.97 

4 47 

7 16 

25 

None 

, 

5.08 

4 77 

7.59 

26 

P in bonemeal 

5.19 

4 97 

7 50 

29 

P in basic slag 

5 19 

4.93 

7.68 


* For a more complete outline of the fertilizer treatment of these plots, see Ohio Agr. Exp. 
Sta. Bui. 381. 


t The time of the year when these samples were taken is not known. 

132,654 pounds of calcium carbonate since 1894. 

Erdman (15) observed that gypsum in excess of 1000 to 2000 pounds to the 
acre increased the acidity of the soil, but when added in smaller amounts it 
had practically no effect. 

The 5-year rotation fertility plots at the Ohio Station afford an excellent 
opportunity for studying the effects of different fertilizer treatments on soil 
acidity. In this experiment corn, oats, wheat, clover, and timothy are grown 
in succession on five sections of land, containing 30 one-tenth acre plots each. 
The experiment was started in 1894. At this time the deficiency of the soil 
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in lime was not noticed, but the failing of the clover crops soon showed the 
necessity of liming. In 1900 the experiment of liming half of each plot was 
started. Since then the entire west half of section D has received ground 
limestone amounting to about 16 tons, applied to the com. This has been 
added at the rate of about 2 tons to each acre. Table 6 gives the pH values 
of plots receiving standard fertilizer treatments, together with the hydrogen- 
ion concentration of some of the samples taken in 1894. A complete report 
of the reaction of all of the fertility plots will appear later. 

The unfertilized plots have an average pH value of 4.76. It is evident 
from the results in table 6 that mineral manures, with the exception of am¬ 
monium sulfate, have caused no significant change in the reaction of this soil. 
The ammonium sulfate plot (plot 24) is the most acid, having a pH value of 
4.47 at this time. The results indicate that acid phosphate, manure, bone- 
meal, and basic slag have a slight tendency to decrease the acidity. The 
application of lime has corrected the acidity in all cases. In most of the plots 
a slight alkalinity has developed. The use of lime for neutralizing the acids 
produced from ammonium sulfate is readily seen in plot 24 which after liming 
has a pH value of 7.16. 

, From the difference in the results observed in 1894 and 1925, it might be 
inferred that there has been considerable increase in acidity in some of the plots, 
but this conclusion cannot be safely drawn. In the first place, the 1894 samples 
were taken with a spade and perhaps are not very representative of the true 
reaction of the soil at that time. The large variation in a few of the samples 
tends to justify this statement. Secondly, the exact time of sampling in 
1894 is not known. This is an important factor as previous results have shown. 
The results in table 3 show that the difference between the 1894 and 1925 
samples are not as great as the seasonal variation. Thus, it appears that there 
has been no significant change in the reaction of the untreated plots during the 
last 30 years. Since it appears that agricultural practices, without the use of 
fertilizers and soil amendments, in the last three decades have not caused an 
increase in soil acidity, it seems that an equilibrium point in the hydrogen-ion 
concentration of the Wooster silt loam perhaps has been reached. In this case, 
the process of leaching and removal of bases from the soil has either reached 
a minimum or some other factor is maintaining the present hydrogen-ion 
concentration of the soil. Before any conclusions can be definitely established 
in regard to this question, further studies must be made. At this time, how¬ 
ever, the fact must not be overlooked that 30 years is a short time when com¬ 
pared with the total length of time that the soil has been leaching. 

The effect of surface treatment on the reaction of the subsurface layers 

It is of interest to determine the extent to which a change of reaction in the 
surface layer affects the lower depths of the soil. A series of plots from the 
supplemental lime tests, which were started in 1911, were sampled at sue- 
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cessive depths of 7 inches down to 28 inches. These plots have received 
applications of ground limestone ranging from 0 to 8 tons to the acre, applied 
to the corn in a 4-year rotation of com, oats, wheat, and clover. The hydro¬ 
gen-ion concentrations of the different depths are reported in table 7. In 
addition to these results, the pH values of the surface and subsoil of the lime 

TABLE 7 


The effect of surface treatment on the reaction of the subsurface layers 


PLOT* 

LIMK TREATMENTS 

HYDROOEN-ION CONCENTRATION AT 
DIFFERENT DEPTHS 

Kind of lime applied in pounds per acre 

Total 
amount 
applied 
per plot 
in terms 
of CaCOj 

0 to 7 
inches 

7 to 14 
inches 

14 to 21 
inches 

21 to 28 
inches 



pounds 

pH 

PH 

PH 

PH 

L-4 

None 

None 

5.31 

5.12 

4.81 

4.69 

L-2 

4,000, ground limestone + manure 

400 

6.47 

5.22 

4.81 

4.79 

L-12 

8 ,000, ground limestone manure 

800 

7.52 

5.86 

5 20 

4.95 

L-20 

16,000, ground limestone -f manure 

1,600 

7.72 

6.23 

5.36 

5.10 





7 to 20 inches 


LF-1 

None 

None 

5.58 

5. 

16 


LF-2 

500, quicklime manure 

310 

6.44 

5.29 


LF-3 

1 ,000, quicklime -fc manure 

620 

7.13 

5.43 


LF-5 

2 ,000, quicklime -f- manure 

1,250 

7.94 

6.64 


LF-6 

1,780, ground limestone -f manure 

620 

7.05 

5.71 


LF-7 

None 

None 

5.58 

5.43 


LF-8 

1 ,780, air-slaked lime ■+■ manure 

840 

7.40 

5.77 


LF-9 

1,320, hydrated lime -f* manure 

620 

7.27 

5.95 


LF-14 

1 ,000, quicklime 

620 

7.12 

5.74 


LF-15 

1,780, limestone 

620 

6.59 

5.52 


LF-16 

None 

None 

5.36 

5.31 


LF-17 

1,000, quicklime -f acid phos., KC1 

620 

7.00 

5.45 


LF-18 

1,000, quicklime + floats, KC1 

620 

7.03 

5.53 



* Plots L from the supplemental lime tests. 

Plots LF from the lime and floats test. For a complete description of the plots see Ohio 
Agr. Exp. Sta. Bui. 381. 


plots from the lime and floats experiment are given. The total amount of 
lime, in terms of calcium carbonate, that each plot has received since the be¬ 
ginning of the experiment is recorded in the third column of the table. The 
effect of the surface treatment on the lower depths is shown more definitely 
in figure 3. 
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As these results clearly show, the 2 ton application of lime (plot L-2), 
has had little effect below 7 inches. With the 4 (plot L-12) and 8 (plot L-20) 
ton applications there has been a marked decrease in acidity in the second 
depth, with a gradual reduction in the hydrogen-ion concentration to 28 
inches. The 8 ton addition has produced the largest reduction. In the lime 
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Fio. 3. Effect of Surface Treatment on Subsurface Layers 


and floats plots, the effect of lime is detected in all the subsoils with the ex¬ 
ception of the 500 pound application of quicklime. Plot LF-5, with 2000 
pounds of calcium oxide, has produced the largest reduction in the acidity of 
the subsurface layer. 

It is logical to assume that the effect of the surface treatment on the lower 
depths will be more pronounced as the experiments progress. The buffer 
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action of soils and the relatively slow movement of the soil water are two of the 
determining factors in the rate of change in the reaction of the subsoil layers. 
The subsoil reaction, especially to a depth of 20 inches, should be a factor in 
determining the efficiency of liming. It is improbable that a calcium car¬ 
bonate reserve in the soil will be maintained unless the acidity of the subsoil 
to at least 20 inches is corrected. 


SUMMARY 

In this paper are presented the results of an investigation of some of the 
probable factors that affect the hydrogen-ion concentration of soils. 

The Wooster silt loam, the soil used in these investigations, is a glacial sand¬ 
stone and shale soil having a decidedly acid reaction profile. 

Air-drying the acid surface soil did not materially affect its hydrogen-ion 
concentration. The alkaline soils decreased in alkalinity. 

Subsoil samples showed a large increase in acidity when they were air- 
dried. 

The amount of lime in the soil appears to have some effect upon the changes 
in the reaction of a soil when air-dried. 

Grinding acid samples of the Wooster silt loam did not appreciably change 
their reaction. Alkaline samples decreased in alkalinity, probably because of 
the exposing of surfaces t^at had not been affected by the additions of lime. 

Grinding the Brookston and Miami clay and the Dunkirk fine sand decreased 
their acidity considerably. This decrease is probably due to the exposing of 
basic materials upon grinding. 

The hydrogen-ion concentration of a soil varies throughout the year. 
Alkaline soils showed variations in acidity ranging from 0.6 to 0.7 pH from 
May to September. 

Acid soils varied as much as 0.92 pH during this period. There was a 
continual increase in acidity from May to September, with the hydrogen-ion 
concentration returning to approximately the same value each spring. This 
phenomenon might be due to the dehydration of the hydrated colloidal silicates 
or to the accumulation of soluble salts during the summer months. 

Rainfall and the season seem to be two important factors affecting these 
variations in the soil reaction. 

Fertilizer treatments do not influence the hydrogen-ion concentration of 
soils to any considerable extent, with the exception of ammonium sulfate 
which causes an increase in acidity; although acid phosphate, sodium nitrate, 
bonemeal, basic slag, and manure tend somewhat to reduce it. 

Applications of lime have corrected the acid nature of the soil, producing a 
slightly alkaline reaction. 

There appears to have been no significant change in the hydrogen-ion con¬ 
centration of the Wooster silt loam in the last 30 years. 
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From these results, the assumption is made that an equilibrium point may 
have been reached in the reaction of this soil, whereby, under ordinary condi¬ 
tions, the hydrogen-ion concentration will not show further change. 

The surface treatment of a soil influences the reaction of the lower depths. 
Over a period of 11 years, 4 and 8 tons of ground limestone, added every 4 
years in the rotation, have affected the reaction of the subsoil as deep as 28 
inches. The effect of 2 tons per acre can be seen only in the surface layer. 

The acidity of the subsoil of plot 5 of the lime and floats experiment, re¬ 
ceiving 2000 pounds of calcium oxide to the acre every 3 years for 20 years, 
has been reduced almost to neutrality, having a pH of 6.64 at a depth of 20 
inches. 


conclusions 

A study of some of the factors that may affect the hydrogenion concentra¬ 
tions of soils leads to the following conclusions: 

1. Fresh, moist samples should be used for making detailed reaction studies. Air-dried 
samples seem to give sufficiently accurate results for any ordinary purposes. 

2. Hydrogen-ion concentration determinations should be made on unground soil samples. 
Grinding affects the reaction of a soil to such an extent that the results may be misleading. 

3. The periodical variation in the pH values of soils should be considered in all hydrogen- 
ion concentration measurements. The expression of the reaction of a field soil in terms of 
pH to the second decimal place does not appear logit al in view of the variability of the pH 
value. 

4. The hydrogen-ion concentration of the soil is not materially affected by fertilizer treat¬ 
ments, with the exception of ammonium sulfate. The increase in acidity from the use of 
ammonium sulfate in ordinary amounts, however, is not significant enough to diminish its 
value as a commercial fertilizer. 

5. The hydrogen-ion concentration of the subsoil is influenced by the treatment of the 
surface soil. The reaction of the subsurface layers should be a factor in determining the 
efficiency of liming. The removal of subsoil acidity to at least 20 inches is necessary to main¬ 
tain a calcium carbonate reserve in the soil. 
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AnleUung zum quantitativen agrikulturchemischen Praktikum. (Methods of 

analysis in agricultural chemistry.) By Prof. G. Wiegner with the col¬ 
laboration of Dr. H. Jenny. Gebriider Borntraeger, Berlin, 1926. Pp. 
348, fig. 33. 

The author of this book is the well known Professor of Soil Chemistry at the 
Agricultural Institute in Zurich, Switzerland. He presents here, concisely 
and clearly, all the information and directions which are essential in quantita¬ 
tive analysis and its application to agricultural chemistry, especially the 
quantitative methods of physical and chemical analysis of soils and fertilizers. 
The most recent methods have been treated in a most accurate and careful 
manner. 

The book is divided into four parts: 1. Gravimetric and volumetric methods 
of analysis. 2. Investigation of artificial fertilizers. 3. Physical and chemical 
soil investigation. 4. Chemical investigation of foodstuffs. A table of atomic 
weights, a 4-place logarithmic table, and excellent name and subject indices 
are appended. 

Although written as a laboratory text for students in agricultural chemistry, 
the book will prove a valuable addition to every chemical laboratory where 
soils, fertilizers, feeds, or milk products are analyzed. No one interested in 
the subject, either from the point of view of teaching, analysis, or research 
can afford to overlook this book. 

The book is well printed and the different methods are properly illustrated 
and clearly defined. 

S. A. Waksman. 

The composition and distribution of the protozoan fauna of the soil. By H. 
Sandon. Oliver and Boyd, Edinburgh and London, 1927. Pp. xiii + 
227, pi. 6, charts 3. 

Although the existence of protozoa in the soil has been known since the time 
of Ehrenberg and Greef, and the great abundance of these organisms in the 
soil, both in numbers and in species, has been pointed out by Wolff and others, 
it was only in 1909, with the work of Russell and Hutchinson on partial steril¬ 
ization of soil, that a systematic study of the distribution of protozoa in the 
soil was begun. These investigators advanced the theory that the favorable 
effect of partial sterilization of soil upon the numbers and activities of bacteria 
and upon plant growth is due to the elimination of protozoa, which otherwise 
consume the bacterial population of the soil as food. The subsequent studies 
on the protozoa of the soil were greatly influenced by this theory, many in¬ 
vestigators being concerned largely with obtaining information which would 
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support or refute it. Other investigators, however, were more concerned with 
gaining further information on the physiology of protozoa, their distribution 
in various soil types, and their activities in the soil as influenced by environ¬ 
mental conditions. 

The author of this monograph, a member of the Rothamsted Station, 
England, succeeded in carrying out by far the most extensive study of the 
distribution of protozoa in different parts of the world, under various environ¬ 
mental conditions. As a result of his own investigations and also after a 
thorough study of the literature, the author recognized that “the time had 
come when the chapter of soil protozoology could be brought to a close by 
bringing together all the available records, reconciling wherever possible their 
mutual inconsistencies and contradictions, thus presenting for the use of the 
soil microbiologist and the general naturalist a clear and tolerably complete 
picture of this group of organisms and of their distribution in the soil.” The 
object of the work reported in the monograph was to “pave the way for more 
detailed inquiries .... by giving a general review of protozoa occurring 
in the soil, and of the factors influencing their distribution.” 

The author dissociates completely the study of protozoa, a very extensive 
group of soil organisms which no doubt play an important r61e in the numerous 
soil processes, from the subject of partial sterilization of soil. 

The major part of the monograph is devoted to a study of the distribution of 
protozoa in 148 soils collected from different parts of the world, including the 
polar regions and tropical regions, as well as an analysis of the factors in¬ 
fluencing this distribution. A description of all the species so far authentically 
recorded from soils, and original observations concerning some new species 
then follow. Artificial keys are added to assist in the identification, except in 
the case of naked Rhizopoda, which do not lend themselves to this treatment. 

The book is well printed and the six plates, some of which are original draw¬ 
ings of the various soil protozoa, are executed in a most excellent manner. 

S. A. Waksman. 
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INTRODUCTION 

Carbon dioxide evolution from the soil, and its relation to microbiological activity and to 
climatic factors have been studied by a large number of scientists (17, 34, 32, 33, 25, 6, 29), 
who have found a relation between the carbon dioxide evolution on one hand and the number 
of bacteria and the intensity of nitrification on the other hand. The influence of mineral 
salts, humidity, manure, and temperature on the rate of carbon dioxide evolution has been 
studied by Wollny ^36), Petersen (25), Kdnig and Hasenbaumer (10), Van Suchtelen (33), 
Lundeg&rdh (16,17), Waksman and Starkey (34), and others. 

Most of the investigators cited above have worked with soil samples in the laboratory. 
After treatment with water, salts or manure a portion of 1 kgm. or less of soil was placed in a 
vessel and a stream of CO*-free air was passed through the soil. The evolved carbon dioxide 
was determined after absorption in alkali (32). 

Potter and Snyder (27) and Neller (23) first passed the CCVfree air continuously over the 
surface of an enclosed soil sample. Lundegdrdh (16) put 100 gm. soil into a 1000-cc. Erlen- 
meyer flask and measured volumetrically the accumulation of carbon dioxide in the flask air 
after 24 hours. For analysis, a 10-cc. sample of air was sucked into an apparatus of simplified 
Haldane type (fig. 1). This method permits work on a large scale because the flasks can be 
put easily into thermostats without any special arrangement for streaming air. In general, 
methods where the carbon dioxide is allowed to escape from the soil by means of diffusion are 
to be preferred to methods where an air stream passing through the soil is used. In nature, 
free diffusion is the chief factor in the liberation of the carbon dioxide that is accumulated in 
the pores of the soil (28; 17, p. 156). 

THE SOIL RESPIRATION 

For studies on the relation between carbon dioxide evolution and climatic 
factors and crop production a method is needed for estimating the “soil res¬ 
piration/ J or the amount of C0 2 that is given off in one hour from one square 
meter of the soil in situ. The author used the following method (16; 17, p. 
146): 

The “respiration bell, ” consisting of a conic zinc vessel with a cylindric edge and a tube sr 
at the top (fig. 2), has an open width of 750 sq. cm. The edge e is 6 cm. high and the conic 
part 10 cm. high. When the edge is driven into the soil, the volume of air enclosed over u 
in the bell is about 2300 cc. Before the beginning of the experiment the surface of the soil 
must be smoothed in order to avoid errors in the air volume. The inside of the bell is coated 
with paraffin to avoid absorption of CO*. 

After 10 to 20 minutes a small sample of the bell-air is taken into an apparatus for volu¬ 
metric analysis of carbon dioxide. The author has constructed a new apparatus that permits 
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Fig. 1. Simple Apparatus for Analyzing the CO* Concentration of the Air 

B, gas burette; A , absorption vessel (with 20 per cent KOH solution); /, index; N, mercury 
vessel; F, screw for adjusting; L, rubber ball for blowing air through the water mantle K. 



Fig. 2. Apparatus for Estimating the Soil Respiration (“Respiration Bell”) 

h, handles; e, cylindric edge; «, ring up to which e is driven in the soil; sr, tube for drawing 
the air sample. 
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Fig 3. Scheme of New Apparatus for Accurate Analysis of the COj Concentration 

in the Air 

A , glass cylinder; P, air-tight piston for filling A with the air sample; B, absorption vessel 
with 12 per cent KOH + 3 per cent Ba(OH) a , air-tight connected with A; My metal lid for 
By attached to the stick MD, and provided with glass rods dipping into the absorption solu¬ 
tion in B; N f glass tube in which MD is moving; G air-tight packing for MD; TB, thermoba¬ 
rometer for compensation of variations in air pressure and temperature; J, index of petro¬ 
leum; Bi Bt, burette; S t rubber vessel filled with mercury; E, screw for adjusting the mercury 
stand in BiB For making the determinations see (18, p. 203). 

analyses in the field with an error in single observations of only 0.003 per cent CO* (18, p. 203, 
Ab. 2). This apparatus is portable and can be placed on portable stand (fig. 3 and plate 1, 
fig. 1). A higher COi concentration than 1 per cent in the soil atmosphere may become dan- 
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gerous to crop growth not only because the growth rate is retarded, but because certain 
parasitic fungi, as Fusarium culmorum, are stimulated, causing increased infection (15). 

The calculation of the soil respiration from the estimated value of the carbon dioxide con¬ 
centration in the bell is carried out by means of the formula 

(a - h) X 1.858 X 2300 X - 

-—- «■ x (in gm. to the hour for each square meter) 

/ M) 

where a is the C0 2 concentration in the bell-air at the beginning, b at the end, calculated in 
per cent, t the time in minutes, 1.858 the weight of 1 liter CO* at 15°C. and 760 mm. pressure, 
2300 the volume of the bell, and 750 the soil surface under the bell. Corrections for air 
pressure and temperature are applied as usual. 

The formula is valid as long as a - b is proportional to the time /. Special tests have shown 
that this is approximately true for 20 minutes, after which the accumulation of carbon dioxide 
in the bell-air causes a diminution of the rate of diffusion from the soil (16, p. 150). 


TABLE 1 

Soil respiration on various soils 


UNTREATED SOILS 

DATE 

SOIL RESPIRATION 
PER SQUARE ICE TER 
PER HOUR 

Sandy soils < low humus content). 

August 26, 1922 

gm 

0 206 

Sandy soil (4 per cent humus). 

August 26, 1922 

0.399 

Sandy loam . 

February 9, 1921 

0 317 

Loam . r .. 

November 17, 1922 

0 397 

Loam {10 to 15 per cent humus). 

June 19 to September 13, 1923 

0.411 

Clay soil . 

June 23 to October 10, 1925 

0.125 

Aider forest . 

August 13, 1922 and October 

1.170 to 2.340 

Beech forest. j 

10, 1921 

August 31, 1920 

2.20 to 1.54 

October 10, 1921 

0.33 to 0.83 

Alder swamp . 

October 10, 1921 

0.28 

Meadow with Nardus and Care.x . 

! October 10, 1921 

0.33 


Averages of several determinations. 


In the years 1921 to 1925 the author made a great number of determinations 
of the soil respiration. On agricultural soils in South Sweden the respiration 
varied between 0.125 and 0.411 gm. to the square meter in an hour. Light 
sandy soils with low humus content showed a minimum respiration. The 
highest values were obtained on loam with 10 to 15 per cent humus (table 1). 
A heavy clay soil from fertile Sk&ne county showed a very low respiration. 
Forest soils evolve in general much more carbon dioxide than agricultural 
soils or grass land. The difference is probably due to the greater porosity 
and more uniform humidity of the forest soils. The activity is always highest 
in the upper layer of the soil, but in the cultivated fields the periodical desic¬ 
cation ahd the high light intensity must act very unfavorably on the micro* 
biological processes in the soil surface. 
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THE CARBON DIOXIDE CONCENTRATION IN THE SOIL AIR 

The soil respiration is the total of all soil processes in which carbon dioxide 
is produced. Pure chemical oxidation will probably always occur (8, 10) 
but as a rule only to a small extent. The microflora (bacteria, actinomyces, 
fungi) produce the chief part of the carbon dioxide, but the plant roots in many 
cases also are giving off considerable quantities of this gas. 

The respiration from a bare soil and that from the same soil covered with 
oats were compared. The former showed a respiration of 0.268 gm. and the 
latter a respiration of 0.399 gm., a difference of 0.131 gm.; the root respiration 
thus forms about 30 per cent of the total soil respiration. Further experiments 
indicated, however, that a great deal of what we call root respiration is due to 
bacteria that inhabit the root surface and probably are fed with the organic 
substances that are delivered from the roots (7, 35, 20). 

Oats and wheat were cultivated in sterilized soil and in non-sterilized soil. 
The roots from the non-sterilized soil evolved about 45 per cent more carbon 
dioxide per unit dry substance than the roots from the sterilized soil. A kind 
of “Rhizosphere” (9) probably must be assumed and the total root respiration 
is the sum of the respiration of the living root cells and of the microorganisms 
that live in contact with the root surface or in the vicinity of the roots. 

The carbon dioxide concentration in the soil air (the pore space) is a func¬ 
tion : first,of the absolute CO 2 production of the soil particles and the roots (-4), 
and secondly, of the diffusion velocity. An expression for the latter is: the 
diffusion coefficient K = the volume of gas (in cc.) that in 1 second passes 
through a cylinder of 1 sq. cm. base and 1 cm. height, when the difference in 
partial pressure is 1 atmosphere. In physics, K is used as a property of the 
diffusing gas. K here will be used for characterising the medium and will be 
defined as '‘the diffusion value of the soil” when the diffusing gas is carbon 
dioxide. 

The simplest relation between the absolute CO 2 production (. A ), the diffu¬ 
sion value (K), and the CO 2 concentration in the soil air (C) is 



C alone can never be used as an adequate expression for the soil activity. 

For measuring C Pettenkofer (26), Fodor (5), Lau (11), and Russel and 
Appleyard (29), have used rather complicated experimental arrangements that 
cannot be used far from the laboratory. Romell (28) introduces the microgas- 
analysis apparatus of Krogh. For drawing the gas samples he uses a thin 
brass tube of special construction that is put into the soil; the sample is col¬ 
lected in small glass tubes. The Krogh apparatus is good in cases where the 
air content in the soil is very small. For ordinary soils the gas-analysis-ap¬ 
paratus mentioned above (fig. 1 or 3) gives far more accurate values. The 
sample is drawn directly into the analyzing apparatus. The construction of 
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Fig. 4. Tool for Drawing Air-Samples from the Soil 

A brass tube bf, about 1 cm. in diameter, is provided at the upper end with a small tube c , 
which is connected by a rubber tube with the analyzing apparatus. The steel rod sde with 
its conic end e fills up bf , but the air can circulate between rod and tube wall; e is moving 
tight, but 2 mm. above the edge of the conic part (at/) the tube wall is hollowed out. When 
therefore sde is drawn back a few mm. by aid of the screw s and the nut a, the air can pass 
through. Before drawing the sample, e must be lowered below/. The stick is then driven 
into the soil to the desired depth (usually 15 cm.). Then e is elevated until the upper end 
of d nits the lid of the brass tube. This closure is then air-tight while the air can pass by/. 


the brasfctube used for drawing the samples is shown in figure 4. The analysis 
apparatus^ connected with the mouth-piece c by a thin rubber tube, as shown 



CARBON DIOXIDE EVOLUTION OF SOIL AND CROP 


423 


In connection with the field experir tents at the station many determinations 
of the COa concentration in the soil atmosphere have been made (17, p. 167 
seq.). Only a brief review of the results can be given here. 



Fig. 5. Borer for Drawing Soil Samples of a Definite Volume from Different 

Depths 

It consists of two parts R and P, the former is the borer proper: a steel tube of about 1£ 
inches diameter and 3 feet in length. R has at the upper end two scores, in which the iron 
handle H is placed. The lower end is ground to an edge. When R has been bored into the 
soil, the shorter tube P is put on it and the boring arrangement dS is applied. This consists 
of a steel plate E with a sector carving at 0, attached to a steel rod A . When the handle 
A is turned around, E will bore itself into the soil, because one side of the carving is bent 
down as an edge. On the steel plate another plate sector S is sliding. A S is attached to a 
brass tube ST that surrounds the rod A. When E has been bored down to the edge of R 
the small handle T is turned so that 5 covers O (see c ). When the whole boring arrangement 
then is drawn back, the soil sample will slip with it. P is then detached from R and the sample 
is put into a box or flask. 

As already stated by Lau, Russel and Appleyard, Romell, and others, the 
COj concentration increases with the depth below the soil surface. In 15 
cm. depth, C averages about 0.3 per cent for lighter soils, but may arise to 1 
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per cent or more, especially in wet soils r ^ch in humus. Even in the same field 
the variation from plot to plot may be very prominent, especially in soils that 
are not well cultivated and contain lumps of decomposing organic matter. 
This is another reason why C ought not to be used as an indicator of the soil 
activity. 

The C values are important for estimating the growth conditions of the 
plant roots. It is a well-kncnvn fact that higher C0 2 concentrations have an 
injurious effect on roots (28, 15). The resistance of different plants varies 
greatly. General statements of this poisonous concentration are, therefore, of 
no great value; the available fa~ts seem, however, to indicate C — 1 per cent 
as the lower limit for alteration (28; 17, p. 164). 

By determining the C0 2 concentration at 15 cm. depth, one can therefore 
detect an unhealthy condition of the soil that can be removed by cultivation, 
drainage, or other measures for increasing the aeration of the soil. 


TABLE 2 

CO 2 production in the profile of a sandy soil 


DEPTH 

CO2 PRODUCED TO THE 
SQUARE METER IN 1 HOUR 

K 

cm. 

gm. 


0-10 

0.271 i 

0.0644 

10-20 


0 0237 

20-30 


0.0128 

30-40 

■ 


S:a. 

0 380 


Direct determination of the 
total soil respiration. 

0 345 



C0 2 PRODUCTION AT DIFFERENT DEPTHS 

For many purposes it is important to know the vertical distribution of the 
processes bringing about the evolution of CO 2 . With a borer of special con¬ 
struction (fig. 5) definite volumes of soil are drawn from different depths. The 
samples are taken to the laboratory in closed flasks and the free evolution of 
carbon dioxide from them is measured in the manner previously described 
(p. 417). After reducing the activity to unit soil volume and time the activity 
of the whole soil profile is reconstructed, as shown in table 2. 

This experiment which has been repeated several times, makes clear: first, 
that almost all the CO 2 produced in the soil is given off from the soil surface; 
and secondly, that the moving force of the soil respiration is the diffusion. 

Ixisthe case cited in table 2 the soil activity is concentrated in the surface 
layer and decreases very rapidly with the depth. In other cases the upper 
30 cm. of the crust respire more uniformly. When the soil is manured the 
layer where the rotting dung lumps are lying reveals the highest activity. 
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DIFFUSION VALUE, AN INDICATION OF SOIL AERATION 

The estimation of the total soil respiration, the absolute acitivity of the 
profile, and the C0 2 concentration in different depths enable us to calculate 
the diffusion value K of a stratum of the soil. 

We assume that the soil is composed of several strata, Si, 62 , 53 , etc - 6). 
The activity of these strata is a lf a 2 , a 3 (calculated in cubic centimeter per 
hour and per square centimeter base). As the carbon dioxide diffuses upward, 
the CO 2 quantities ai + a 2 + (h> (h, + as, and a 3 cubic centimeters are moving 
through Si, Si, and 63 . Finally the C0 2 concentrations b , at pi, pi and pz 
have been determined (fig. 6 ). 

If the thickness of the stratum 62 is y 2 cm. the following equation results: 

(<h 4 ~ a*) • V 2 * 100 
3600 • {l>2 - h) ' 


S c po 


1 

5 5 

1 Pi 

r 

Pz 0 

<2 

S 3 h 3 

3 P3 

—- -O'"-=* 

f* 


Fig. 6. Soil Strata 


In a similar manner K is calculated for the other strata. The equation, of 
course, gives approximate values of K, but the error diminishes with y. In 
practice, determinations with smaller values of y than 5 to 10 cm. are difficult 
to carry out. In table 2 the K values of three strata are given. 

The estimation of the diffusion values of different strata of course gives a 
much more adequate idea of the aeration of the soil than a determination of 
the average K value. Especially with forest soils it seems necessary to take 
into consideration the stratification, which in this case may be very prominent. 
Agricultural soils also may be less aerated in lower strata, as shown in table 2 . 

In general the structure of cultivated soils is more uniform; for practical 
purposes, therefore, a simplification of the formula seems justifiable. Only 
C at 15 cm. depth and the total soil respiration A are thus measured. After 
calculation of the latter in cubic centimeters to the hour (A a) the formula will 
appear in this way: 

Aa * 15 • 100 


K 


3600 . (C - 0.03) 
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where K equals the approximate diffusion value of the upper 15 cm. of the 
soil. K increases with increasing A and decreases with increasing C. As¬ 
suming that the average A = 0.4 gm. and C = 1.0 per cent, the value of K = 
0.009, which is the minimum for the normal aeration (cf. p. 424). In good soils 
K is always considerably higher (table 3). When A is higher than 0.4 gm., 
as in most forest soils, the minimum for the normal aeration is correspondingly 
raised. 

The method for expressing and measuring the aeration of the soil is based 
upon the experimentally proved fact that diffusion is the moving force of the 


TABLE 3 

Diffusion value K 



C 

A 

K 


per cent 

gm. 

gm. 

Loam. 1922. 

0.18 

0.397 

0.060 

Sandy loam, 1921. 

0 30 

0.399 

0 033 

Loam rich in humus, 1923. 

0 68 

0 411 

0 014 

Alder forest . 

1.02-1.80 

2.34 

0 051-0.029 


TABLE 4 

Fluctuations of soil activity during the vegetation period 


DAT I. 

AVERAGE 

TEMPERA¬ 

TURE* 

RAINFALL 

CO* CONCEN¬ 
TRATION 4 M. 

ABOVE THE 
SOLL SURFACEt 

CO* CONCEN¬ 
TRATION 15 cm. 

BELOW THE 
SOIL surface! 

DIFFUSION 
VALUE§ 

SOIL RESPIRA¬ 
TION PER 
SQUARE METER 
PER HOUR 

1923 

°C. 

mm. 

mgm. per l 

volume per cent 


gm. 

June 19 

12 6 

0 0 

0.543 



0.456 

June 29 

12.0 

4.1 

0 567 

0.39 

0 031 

0.443 

July 10 

20.9 

5 9 

0.544 

0.46 

0.0199 

0 378 

July 24 

14 6 

26.8 

0.522 

0 84 

0 010 

0 370 

August 10 

17.5 

55 9 

0.568 



0.438 

August 21 

12.5 

18 2 

0.596 

0.59 

0.018 

0 435 

September 4 

11.0 

67.8 

0 625 



0 412 

September 13 

10 4 

26.1 


1.26 

0.010 

0.540 


* According to thermographical record, 
t Average of 71 daily analyses at the station near the seashore. 
t Each value averages from 9 to 16 observations. 

§ According to formula, page 425. 

gas exchange between the soil and the atmosphere. Earlier efforts to measure 
the soil “permeability” (21, p. 171 seq.) have no great practical value since the 
gas is determined under pressure . 

The aeration of the soil is the upward diffusion of carbon dioxide and the 
downward diffusion of oxygen. As a rule the amount of oxygen absorbed by 
the soil is equal to the amount of carbon dioxide given off. Therefore the 
diffusion value of carbon dioxide is a very good measure for the total aeration. 
Exceptions to the rule occur in very badly aerated soils (12,28); here the oxygen 
absorption is usually greater than the carbon dioxide liberation. 
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After the soil is treated with lime, the evolution of carbon dioxide is di¬ 
minished because of chemical combination. Normally only very little carbon 
dioxide is retained in the soil or escapes with the ground water. 

The method is rather simple: the determination of the soil respiration (fig. 2) 
takes about 20 minutes; while the carbon dioxide is accumulating in the respi¬ 
ration bell, the air sample from 15 cm. depth can be drawn. A and C are 
important not only for calculating K , but also in connection with soil fertility 
and pathology. The methods described in this paper are useful in studying 
the condition of the soil, especially in the case of a number of nonparasitic 


TABLE 5 

Fluctuations of soil activity during the vegetation period 


DATE 

AVER¬ 

AGE 

TEM¬ 

PERA¬ 

TURE 

TEMPERATURE 

5 CM BELOW 
THE SOIL 
SURFACE 

RAIN¬ 

FALL 

CO 2 CONCEN¬ 
TRATION 4.5 M 
ABOVE THE 
SOIL SURFACE 

COi CONCEN¬ 
TRATION 0.25 

M ABOVE THE 
SOIL SURFACE 

SOIL RESPIRA¬ 
TION PER 
SQUARE METER 
PER HOUR 

1025 

°c 

°C. 

mm. 

mgm per l 

mgm. per l 

gm. 

June 23-26 

16 15* * * § 


34 0 

0.571t 

0 5948t 

0.160$ 

June 29-July 1 

19 1 


0.0 

0 624 

0.6480 

0.180 

July 7-9 

16 98 


13 0 

0.656 

0 6474 

0.188 

July 13-15 

20.4 


0 0 

0 671 

0.6580 

0.256 

July 23-24 

23 3 

19 8-20 0 

0 0 

0.664 

0 5962 

0.228 

July 28-29 

14 4 

19 0-18 6 

24 0 

0 611 

0 6025 

0 200 

August 4-5 

18 1 

16 7-16 2 

2 0 

0.581 

0.5764 

0.246 

August 11-13 

18 3 

19 5-17 1 

7.0 

0.776 

0 7640 

0.192 

August 19-20 

17.3 

15 7-15 0 

9 0 

0 717 

0 7441 

0 318 

August 26-27 

16.1 

16 0-15 4 

4 0 

0.559 

0 6088 

0 148 

September 1-2 

11 9 

14 3-13 5 

39 0 

0 585 

0 6200 

0.246 

September 10-12 

10 0 

11 2-10 7 

28 0 

0 570 

0 5795 

0.188 

September 15-17 

13.0 

11 2-12.2 

2.0 

0.567 

0 5677 

0 204 

September 22-24 

11 6 

12 1-12 5 

12.0 

0 575 

0.5844 

0.160 

September 29-October 1 

10.8 

11 6-11.3 

! 

10 0 

0 597 

0.6152 

0.290 


* Air temperature according to thermographical record. Average for 1 week, 

t Average for 1 week, from the field laboratory. 

J Average for 1 week, from 9 parallel plots of the experimental field (thus 50 to 60 single 
analyses each). 

§ Average for 2 days from 5 parallel plots. Each single observation duplicated (thus 20 
single analyses each). 

diseases and the conditions for infection by Fusarium and other organisms in 
the living soil (15). 

THE SOIL RESPIRATION UNDER THE INFLUENCE OF CLIMATIC CONDITIONS 

AND FERTILIZERS 

Seasonal fluctuations 

Several investigators have stated that the urea-decomposing and the ni¬ 
trogen-fixing powers of the soil (13, 22) and the number of bacteria (3) reveal 
seasonal fluctuations. 
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The curves show maxima in spring and fall and a depression in summer. 
Russel and Appleyard (29) obtained a similar curve for the carbon dioxide 
concentration in the soil atmosphere. Similar periods have been recorded 
for water organisms (4, 24). 

Hitherto investigations concerning seasonal fluctuations of the total soil 



Fig. 7. Seasonal Fluctuations of the Soil Respiration, Carbon Dioxide Concentra¬ 
tion Among the Leaves, Carbon Dioxide Content in the Soil Air, 
and Climatic Factors—Oats, 1923 

activity have failed. The author’s observations include only the vegetation 
period (tables 4 and 5, and figs. 7 and 8). 

The most striking thing about the two curves in figures 7 and 8 is the lack 
of, or the incomplete, correlation between CO 2 factor and the temperature. 
The temperature of the upper 5 to 10 cm. where the maximal activity is located 
follows fairly closely the temperature of the air recorded about 15 cm. above 
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the soil surface (table 5), but the amplitude of the fluctuations is smaller. 
Nevertheless the rise in the temperature curve in July, 1923 (fig. 7) does not 
induce an increase in the soil respiration. In 1925 a certain correlation 
perha'ps exists, but the remarkable increase of the soil respiration in the 
middle of August is apparently not due to the temperature. 



Fig. 8. Seasonal Fluctuations of Soil Respiration, Carbon Dioxide Factor, and 
Climatic Conditions—Sugar Beets, 1925 

Even rainfall is not correlated to any great extent with the total soil 
activity. That, on the other hand, the concentration of the carbon dioxide 
in the soil atmosphere and therefore also the diffusion value, rise with the soil 
water (fig. 7) is not surprising, because the air content in the soil decreases 
with increasing water content. 
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Both curves for the soil respiration, for 1923 and 1925, show a slight maxi¬ 
mum in August, and both have a steep rise in September, in accord with earlier 
statements on bacterial activity. The cause of this periodicity is as yet un¬ 
revealed. The competition between the different types of the soil population 
and also the relations between microorganisms and the growing crop probably 
cause fluctuations in the activity, but the power of the single components in 
this very complicated process cannot be traced exactly (30, p. 279; 17, p. 179). 

Action of fertilizers and manure 

Organic matter is the source of carbon dioxide evolution, hence the humus 
content in soil is always a factor in the process of soil respiration. Very 
frequently the humus content is a factor in the maximum, hence its 
relative influence is small. If a humus content of 3 per cent is assumed, 
one hectare of soil will contain about 200,000 kgm. organic matter, which 
is equivalent to about 300,000 kgm. carbon dioxide. A cultivated field 
of this size evolves about 10,000 kgm. of carbon dioxide a year. It is 
easy to understand why a rise in the humus content above about 3 per 
cent will not change the soil respiration to any extent. As previously stated, 
the low respiration of poor sandy or clay soils with a low humus content is 
partly due to the fact that the organic matter here begins to act as a limiting 
factor. The author has found, however, that even in such poor soils the soil 
respiration will increase when mineral salts are added. The humus content 
itself will therefore probably very seldom act as an absolute limiting factor. 
When we find that the application of farmyard manure frequently changes the 
rate of carbon dioxide evolution, we must, as a rule, look for other causes than 
the increase in absolute humus content. 1 

In the author’s field experiments during 1921 to 1925,10,000 to 65,000 kgm. 
of farmyard manure was given per hectare, and the soil respiration in the 
succeeding season was studied in comparison with control plots. The results 
from 1921 to 1923 are fully treated in previous papers (16,17), briefly reviewed 
herewith. 

When small and medium quantities of farmyard manure were added in the spring to sands 
or loams not too poor in humus, the effect upon the soil respiration was surprisingly small. 
The dunged plots at first evolve less carbon dioxide than the control plots, then the respira¬ 
tion again rises. 

Large quantities of manure always increase the soil respiration (fig. 9), but the action of the 
manure seems to decline. The results seem to indicate the following theory: The native 
microorganisms of the farmyard manure persist only when large quantities are given, so that 
the manure is composed of coherent lumps. If the manure is uniformly spread out among the 
soil particles, the original environment of the manure organisms is destroyed and it will take 
some time for them to invade the new substrate. Part of the action of the manure is un¬ 
doubtedly due to the amount of ammonia and other inorganic components (1). Moreover 


1 A rather large quantity of manure—45,000 kgm. per hectare—was added to a soil con¬ 
taining about 3 per cent organic matter. 
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the manure contains many different organic components that may act as stimulants or have a 
retarding effect on the soil microorganisms. Very little, however, is known about that. 

The favorable effect of certain mineral salts used in the common artificial fertilizers has 
already been stated. The author's extensive field experiments from 1921 to 1925 prove the 
importance of mineral salts for increasing the soil activity (17, p. 190-197). In table 6 a selec¬ 
tion of these experiments is summed up. 

The pronounced effect of the manure in the sugar beet field in 1925 may be caused by the 
low humus content and the dense structure of the clay soil. The absolute activity of this 
soil was not equal to half of that of the sandy loam rich in humus. The estimations may have 
been made over a spot where the fertilizer was not well distributed. 



Kgm. manure per 100 sq. m. 

Fig. 9. The Effect of Large Quantities of Farmyard Manure on the Soil Respiration 

SOIL RESPIRATION AND CROP GROWTH 

The carbon dioxide concentration in the atmosphere as a growth factor 

The importance to agriculture of the soil respiration lies in the fact that the 
carbon dioxide concentration in the atmosphere among the plant leaves is at a 
minimum (17). Rather small variations in the carbon dioxide content of the 
atmosphere involve corresponding variations in the rate of carbohydrate 
assimilation and growth. 



TABLE 6 

Increase in soil activities due to mineral salts 


SOIL 

CROP 

FERTILIZER PER 100 SQ. M. 

SOIL RESPIRA¬ 
TION PER 
SQUARE METER 
PER HOUR 

TIME 

Sandy 
loam, 10 
per cent 
humus 

Cab¬ 

bage 

kgm. 

No fertilizer 

3-superphosphate 

2- 40 per cent potassium 

chloride 

3- sodium nitrate 

gm. 

0.28* 

0.83 

per 

cent 

100 

297 

1922 

July 11 to August 8 

July 11 to August 8 



3-superphosphate 

2- 40 per cent potassium 

.chloride 

3- sodium nitrate 
600-farmyard manure 

N. 

t.O 

357 

i 

July 11 to August 8 

Sandy 
loam, 10 
per cent 
humus 

Oats 

1 1 1 .—S;- 

No fertilizer 

3-superphospha te 

3-40 per cent potassium 
chloride 

3-sodium nitrate 

0.411 

0.468 

100 

114 

192 J 

June 19 to September 13 

June 19 to September 13 



3-superphosphatc 

3-40 per cent potassium 
chloride 

3-sodium nitrate 
300-farmyard manure 

0.515 

125 

June 19 to September 13 

Clay, soil, 
fertile 

Sugar 

beets 

No fertilizer 

0.125 

100 

1925 

June 23 to October 1 



4-superphosphate 

4-40 per cent potassium 
chloride 

4-sodium nitrate 

0.150 

120 

June 23 to October 1 



4-superphosphate 

4-40 per cent potassium 
chloride 

4-sodium nitrate 
200-farmyard manure 

0.152 

121.5 

June 23 to October 1 


\ 

\ 

V- 

4-superphosphate 

4-40 per cent potassium 
chloride 

4-sodium nitrate 
400-farmyard manure 

0.154 

123 

June 23 to October 1 


400-farmyard manure 

0.190 

152 

June 23 to October 1 


♦These valuesX^are the averages of a great number of observations in the periods 
mentioned. 
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Temperature 

Fig. 10, The Carbohydrate Assimilation of Leaves of Sugar Beets in Relation to 
the Factors of Light, Carbon Dioxide, and Temperature 

The light intensity 1/1 is full daylight (sun + diffuse light), 0.03 per cent is the “normal” 
concentration of carbon dioxide in the atmosphere. 

The influence of light, temperature, and carbon dioxide concentration upon 
the process of assimilation has been discussed (18). Figure 10 shows the results 
of a series of experiments with sugar beet leaves made in the summer of 1925 
and not yet published. The curve system shows clearly the following pecu¬ 
liarities, stated in a previous paper (18): 
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1. A rise in the carbon dioxide concentration involves an increase in the assimilation not 
only with maximum light but also at low light intensity (one-thirtieth of full daylight). 

2. The temperature optimum of the assimilation is at no fixed point, but is a function of 
the other factors, so that in general the optimum lies at a lower temperature when the in¬ 
tensity of light and the carbon dioxide factor are diminished. 

3. A low light intensity (one-thirtieth of the full daylight) can be compensated by a high 
carbon dioxide concentration (0.084 per cent). 

4. The quotient of utilization Ak — —- — where AR is the rise in assimilation intensity 

AF 

obtained when the carbon dioxide concentration is raised the small amount AF —is not 
constant in the whole temperature province, but is higher at 30° than at 20°, when the light 
is full. 



Fig. 11. System of Perforated Iron Tubes for Gassing of Field Plots 
B is the steel flask containing carbon dioxide 


As carbohydrate assimilation is the chief nutrition process in the plant, the 
circumstances mentioned here will be of great importance in the understanding 
of plant growth. This has been proved by experiments in the field or in glass 
houses, where the amount of carbon dioxide in the atmosphere among the plant 
leaves was varied. 

In 1922 and 1923, experiments with CO 2 fertilization were carried out in the 
field. For this purpose five 100-sq. m. plots were provided with systems of 
iron tubes, perforated and connected with a steel flask containing pure carbon 
diokide (fig. 11). Five plots of the same size served as controls; all were cul¬ 
tivated with the same crop and were otherwise uniformly treated. The 
results\given in table 7 show a clear positive effect of the gas. 
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These results nevertheless are not sufficient for an accurate calculation of the 
Ak values. More suited for this purpose are the experiments in greenhouses 
where the CO 2 concentration throughout the vegetation period can be held 
more constant than in the field. 

Glasshouse experiments with cucumbers, tomatoes, beans, and sugar beets 
were carried out during 1921 to 1923 and in 1925. The carbon dioxide con- 


table 7 

Results of COt fertilization in the field 


BEETS, 1922 

FULL MINERAL 
FERTILIZER 

FULL MINERAL FER¬ 
TILIZER 4- CARBON 
DIOXIDE FROM MANURE 
IN ASPHALTED FELT 
BETWEEN THE ROWS 

INCREASE IN THE 
PLOTS RECEIVING 

C0 2 

Average yield of roots. 

379 4 kgm. 

451 2 kgm. 

per cent 

19 

BEETS, 1923 

FULL MINERAL 
FERTILIZER 

FULL MINERAL FER¬ 
TILIZER + 40 KGM. 
PURE CARBON DIOXIDE 
FROM STEEL FLASKS 

INCREASE IN THE 
PLOTS RECEIVING 

COa 

Average yield of roots . 

CO* concentration in the air among the 
leaves*. 

369 6 kgm. 

0.520 mgm. per 
liter 

419 0 kgm. 

0 600 mgm. per 
liter 

Per cent 

16 

14 5 

OATS, 1923 

MINERAL FERTILIZER 

MINERAL FERTILIZER 

20 KGM. CARBON DIOX¬ 

IDE FROM JULY 28 TO 
AUGUST 17 

INCREASE IN THE 
PLOTS RECEIX INC. 

COa 

Average yield, green. 

CO* concentration among the leaves* . 

46.0 kgm. 

0 517 mgm. per 
liter 

60.0 kgm. 

1.088 mgm. per I 
liter during 
the gassing 

per cent 

30 5 


* Average from daily analyses in the field. 

N. B. Attention is called to the first experiment where manure was used as a source of 
CO*. The manure was isolated from the soil by asphalted felt, placed in furrows dug be¬ 
tween the rows of plants (fig. 12). This experiment proves that the carbon dioxide evolved 
from decomposing organic matter has the same effect as carbon dioxide produced from 
inorganic sources. 

centration in the gassed house and in the control house was determined by 
analyses once or twice a day. The two houses were otherwise uniformly 
treated. The results of the experiments with cucumbers are given in table 8, 
and with sugar beets, in table 9. 

These experiments indicate Ak values of 1.45 to 1.67, for cucumber, of 1.20 
to 1.28 for sugar beets. Approximative calculations for the field experiments 
cited above give Ak values of about 0.60 to 0.75. The difference is probably 
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Fig. 12. Arrangement for Gassing of Beets with Carbon Dioxide Evolved from 

Manure 

The manure, mixed with soil, is put into furrows that are coated with asphalted felt and is 
consequently isolated from the soil. The carbon dioxide produced from it escapes into the 
atmosphere and enriches the air among the plant leaves. 

due to the fact that Ak for the carbohydrate assimilation increases with tem¬ 
peratures up to 30°C. The temperature in the glasshouses was in general of 
the latter order, whereas the temperature in the field averaged 12 to 20°C, 
(see table 5). 


TABLE 8 

Cucumbers in glasshouses 



YIELD OF 

GASSED HOUSE 

CONTROL 

INCREASE 





per cent 

1922 

Cucumbers 

150 92 kgm. 

100.49 kgm. 

50 


Average COt concentra- 

0 044 volume 

0.034 volume 

30 


tion 

per cent 

per cent 


1923 

Cucumbers 

25.879 kgm. 

15.187 kgm. 

74 


Average COj concentra¬ 

0.065 volume 

0.043 volume 

51 


tion 

per cent 

per cent 



TABLE 9 

Sugar beets in glasshouses* 


1925 

HOUSE 1 

HOUSE 2 

HOUSE 3 

Average yield, absolute (roots) . 

gm. 

794 

100 

mgm. per liter 

0.6806 

100 

gm. 

908 

100 

gm. 

1148 

145 

mgm. per titer 

0.7705 

113.2 

gm. 

1195 

132 

gm. 

1211 

152 

mgm. per liter 

0.8652 

127.1 

gm. 

1428 

157 

Average yield, relative (roots) . 

Average CO* concentration, absolute. 

Average COi concentration, relative. 

Average yield, absolute ( leaves ). 

Avera&$ yield, relative ( leaves ). 



* The plants were cultivated in vessels each containing about 30 liters of soil, 7 plants ill 
each house. \ 
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Soil respiration as the source of atmospheric CO 2 

The total carbon dioxide evolution from the soil attains very high values. 
The author’s investigations demonstrate values from 1.25 to 13.6 kgm. C0 2 per 
hectare per hour or 0.,63 to 6.4 million liters in 90 days. The highest values re¬ 
fer of course to heavily fertilized soils, but forest soils also often attain as high 
values^ In comparison, mention might be made that a growing field of oats 
consumes about 10,000 kgm. (2 million liters CO^) in the vegetation period. 
The soil, therefore, frequently is producing as much carbon dioxide as the crop 
is using, a fact that can be generalized for the whole earth, because the living 
organisms after death, as a rule are completely decomposed. It is only in 
peats &nd in such deposits as charcoal that non-decomposed organic matter is 
stored up. 

The total amount of carbon dioxide in the atmosphere is estimated at about 
2100 billion kgm. (31). Growing plants take yearly about one-thirty-fifth 


TABLE 10 

Variations in free atmosphere during the summer period 




1920 

1921 

1922 

1923 

1924 

COj content ... 

fmgm . per liter 

0 612 

0.5603 

0.5267 

0 5565 

0 6189 

' \pcr cent of volume 

0 03295 

0 03031 

0 02843 

0.0300 

0.0331 

Temperature .. 

. °C. 

19.1 

17 3 

16.5 

15.4 

16 4 

Maximum variation. percent 

75 6 

90 0 

108 9 

77.6 

60.4 

Mean variation 



±16.1 

±15 2 

±14.4 

±21 0 


of this quantity, and about the same amount is restored by soil respiration. 
As the assimilation and the soil respiration do not vary according to the 
climatic factors, variations must be expected in the average percentage of 
carbon dioxide of the free atmosphere from year to year and also from season 
to season. Levy has shown such variations at Montsouris. The author’s 
observations in the summer period at the Station of Hallands Vadero for the 
free atmosphere near the sea level gave the averages shown in table 10. 

It cannot be assumed therefore that the amount of carbon dioxide in the 
atmosphere is constant. It varies from year to year up to 16.6 per cent (cf. 
1922 and 1924) and considerably from day to day. As stated in a previous 
paper, the variations are related to climatic conditions, especially light and 
rainfall, that influence the assimilation or the soil respiration (17). 

In order to measure more accurately the concentration of the carbon dioxide 
among the plant leaves, which of course is the real carbon dioxide factor of 
assimilation and growth, extensive series of analyses were made in the years 
1921 to 1925. For the analyses the author used a new apparatus, consisting 
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of a gas-holder, in which about 2.3 liters of air stands for several hours over a 
free surface of diluted baryta solution (fig. 13). The baryta from which free 
air is excluded is then drawn off into small flasks that are transported 4 to the 
laboratory and titrated. From 10 to 14 such apparatuses are left standing in 
the field, protected from the weather by a wooden cupboard (fig. 14). Iffae air 
sample is drawn through a glas^ tube about 5 m. long and 3 mm. in diaimeter, 



Fig. 13. Apparatus for Analyzing the Carbon Dioxide Content in the Field 

A metal bell is suspended in glycerine. The air sample is drawn through the tube l tpr 
applying the weight W. The volume is determined by the offsets rr and rtfi. When the 
sample is taken, baryta solution is poured into the bowl sch through bb. After a few houls 
the baryta solution from which free air is excluded is poured out through a into a small flask 
and then titrated with 0.025 N HC1. 

from close to the assimilating plants (fig. 14). This apparatus is working very 
satisfactorily, with an error of only about ±0.005 mgm. CO 2 per liter air or 
±0.0003 per cent of volume for single observations. Thus even very small 
variations in the COs factor can be traced. In plate 1, figures 2 and 3, is shown 
the field laboratory, where the chemical work is done. 

The results from 1921\to 1923 are exhaustively dealt with in a previous paper 
(17), A few results are shown in tables 4, 5, and 10 and in figures 7 and 8. 
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The tables and the figures show rather clearly that the variations in the CO 2 
concentration among the leaves and even in the free atmosphere above the 
plants are related to corresponding variations in the soil respiration. The 
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in most cases will be raised too. With beets that are growing rapidly, 
however, the CO 2 factor may be decreased, because the rapidly growing leaves 
are absorbing more carbon dioxide than the soil can produce. 

In studying the relations between the intensity of soil respiration and the 
intensity of the C0 2 factor in the level of the assimilating leaves, there is one 
point of special interest that throws light upon the important problem of 
diffusion in the atmosphere. 

As long as the CO 2 factor is lower than the CO 2 concentration in the free 
air (“standard value ” measured simultaneously 5 m. above the ground), 
there will be a diffusion of carbon dioxide downward, as illustrated by the 
arrows in figure IS. All carbon dioxide that comes from the soil will in 
this case be absorbed by the plants. 

When the CO 2 factor exceeds the standard value, there will be a diffusion 
stream from the level of the leaves up to the free atmosphere (see the arrows 
in fig. 16); part of the carbon dioxide evolved from the soil in this case will 
escape between the leaves and disappear into the free atmosphere. 

Table 11 shows between the soil respiration and the C0 2 factor a strikingly 
constant ratio until the standard value is reached by the C0 2 factor. The 
ratio suddenly rises in the two first series. In the third series with oats (1923) 
no such rise is observed. In the fourth series with sugar beets (1925) the stand¬ 
ard value had already been attained in the plots that had received no fertilizer, 
but here too, the ratio rises with the increasing C0 2 factor. 

From the fact stated in table 11 that a distinct relation pfevails between soil 
respiration and the CO 2 factor in the level of the assimilating leaves, it must be 
concluded that the C0 2 factor and, thus, the carbohydrate assimilation of the 
plants are essentially regulated by the carbon dioxide evolution from the soil 
under the plants. The soil respiration is equal to the assimilation (cf. p. 437), 
and while this carbon-source for the leaves is the nearest it is the dominating 
one. Carbon dioxide is of course taken up from the free atmosphere too, but 
not to any very great extent, especially when the C0 2 factor is higher than the 
standard value. If the soil respiration fails to furnish a sufficient quantity of 
C0 2 , the supply from the atmosphere (cf. fig. 15) is furnished too slowly to 
prevent a C0 2 deficit among the leaves and thus a partial starving. 

The plants are more or less isolated from the higher strata in the) atmosphere 
and the circulation of the carbon in nature is most rapid in the ground stratum. 
This is dependent upon the fact that not diffusion but convection currents are 
the chief mode of carbon dioxide dissemination, and that these currents (winds) 
move in horizontal rather than in vertical directions. Furthermore the fric¬ 
tion is very high among the plants. The difference between the CO 2 factor 
and the standard value i: /i|piinished when the weather is very windy, but is 
seldom eliminated. The mean difference in the vegetation period is consider¬ 
able even on bleak places (17 p. 256) when a discrepancy between soil respira¬ 
tion and assimilation prevails. 

The collusions drawn in this paper are based upon continuous observations 
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at 42 points on differently treated plots in crop fields and at several points in 
the forest. During the vegetation period from each point were made series of 
daily observations of the carbon dioxide concentration, light intensity, rainfall, 
humidity, temperature, atmospheric pressure, wind velocity, and wind direc- 


TABLE 11 

Reaction between soil respiration and CO* factor 
First series — Oats , 1921 



INCREASING FERTILIZATION 

1 

2 

3 

4 

5 

Soil respiration . gm. per sq. m. per hour 

COj factor (standard value = 0 026). percent 

Ratio. 

0.348 

0 0216 
16:1 

0 372 
0 022 
17:1 

0 408 

0 0249 
16:1 

0.417 

0 0274 
15:1 

0 572 

0 0284 
20:1 


Second Series — Cabbage , 1921 


INCREASING FERTILIZATION 



1 

2 

3 

4 

Soil respiration . gm. per sq. m. per hour 

CO 2 factor (standard value = 0 0335) . percent 

0.224 

0 0305 
14:1 

0 273 

0 0316 
12:1 

0 284 

0 0346 
12:1 

0 590 

0 0365 
16:1 


Third series — Oats, 1923 



INCREASING FERTILIZATION 

B 

2 

3 

Soil respiration. gm. per sq. m. per hour 

CO* factor (standard value — 0.0290). per cent 

Ratio . 

0 291 

0 0186 
16:1 

0 404 
0.02441 
16:1 1 

0.521 

0.0358 

15:1 


l i 


Fourth series—Sugar beets , 1925 



INCREASING FERTILIZATION 

1 

2 

3 

4 

5 

Soil respiration. gm. per sq. m. per hour 

CO* factor (standard value = 0.0331). per cent 

Ratio. 

0.200 

0.0334 

6:1 

0.270 

0 0340 
8:1 

0 264 

0 0336 
7.9:1 

0.290 

0.0345 

8.4:1 

0.324 

0 0348 
9 3:1 



All values are means from series. 

tion. Special series deal with the changes in the carbon dioxide concentration 
from noon to afternoon and night, and the distribution of the gas at different 
heights above the soil surface up to the top leaves and the free air. G&ily a 
few of the chief results have been reported here. 
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TABIE 12 

Extract of the results concerning mean values of the COt factor 




MAXIMUM 

MINIMUM 

MEAN AND STANDARD 
DEVIATION 

RELATIVE 

VALUE 

1921 

1 Free air 

msm. 

0.76 

mgm. 

0.40 

e 

mgm. 

0.560 

±0.0126 

a 

mgm. 

±0.090 

100.0 


Potatoes, weak fertilizer 

1.04 

0.25 

0 542 
±0.023 

±0.161 

90.0 


Cabbage, weak fertilizer 

1.01 

0.30 

0 568 
±0.016 

±0.109 

95.3 


Cabbage, heavy fertilizer 

1.34 

0.42 

0.680 

±0.029 

±0.207 

112.7 

1922 

Free air 

0 71 

0.34 

0 527 
±0.008 

±0 080 

100.0 


Oats, no fertilizer 

■ 

■ 

0.63 

0.11 

0.408 

±0.018 

±0.126 

77.4 


Oats, fertilized 

0.81 

0.30 

0.541 
±0.014 j 

±0.100 

102.7 


Potatoes, no fertilizer 

0.74 

0.10 

0.308 

±0.019 

±0.112 

58.3 


Potatoes, fertilized 

0 .8S 

0.10 

0.364 

±0.039 

±0.200 

69.0 

1923 

Free air 

0.71 

0.47 

0.556 

±0.007 

±0 080 

100.0 


Oats, no fertilizer 

0.97 

0.12 

0.344 

±0.040 

±0.240 

61.9 


Oats, fertilized 

1.17 

0.35 

0.662 

±0.039 

±0.204 

119.1 


Potatoes, no fertilizer 

1.07 

0.11 

0.511 

±0.045 

±0.270 

92.9 


Potatoes, fertilized 

1.67 

0.60 

0.661 

±0.047 

±0.294 

120.2 


&T. B. The oats (1922 and 1923) were fertilized with 300 kgm. manure to each 100 
Sq. m! superphosphate, potassium chloride, and sodium nitrate, 3 kgm. to the 100 sq. m. 
The potatoes were fertilized with 300 kgm. manure and 2 kgm. superphosphate, 1.5 kgm. 
potassiums chloride, and 2 kgm. sodium nitrate. The sugar beets were fertilized with 4 kgm. 
each of superphosphate, potassium chloride, and sodium nitrate. All plots were fertilized 
in the spring! 
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TABLE n—Continued 



. 

M A. XI MUM 

MINIMUM 

MEAN AND STANDARD 
DEVIATION 

RELATIVE 

VALUE 



mgm . 

mgm. 

€ 

mgm. 

a 

mgm 


1925 

Free air 

0.876 

0.425 

0 6163 
±0.004 


100.0 


Sugar beets, no fertilizer 

1.032 

0.443 

Hi 

±0 242 

100.8 


Sugar beets, 400 kgm. manure 


0.314 

bUs 


100.4 


Sugar beets, mineral fertilizer, 
+ 400 kgm. manure 

0.979 

0 422 

III 

±0 121 

106.95 


Soil respiration and fertility 

It has been shown that: 1. Fertilization as a rule raises the soil respiration; 
2. The C0 2 factor is largely dependent upon the soil respiration; and 3. The 
C0 2 factor is an important growth-factor. Thus fertilization of the soil will 
serve as an indirect C0 2 fertilizer (table 12). 

The experiments have shown that over soils that have received no manure 
or fertilizer the C0 2 factor as a rule is lower than the standard value. For 
comparison, the latter is marked 100.0 (table 12, last column). This isthe 
normal value of the C0 2 factor, but (to repeat) is frequently not attained over 
unfertilized soils where the soil respiration is not sufficient for the needs of 
assimilation, especially where the plants are standing close together, so that 
the air circulation slackens. On the same soil, therefore, oats show the lowest 
C0 2 factor, then potatoes; whereas beets, especially sugar beets (table 12), 
will permit sufficient air circulation to maintain a rather normal C0 2 factor 
even over unfertilized soils (17, p. 248). 

Fertilization will increase the C0 2 factor more or less up to the standard 
value. According to figures 15, 16 and the discussion above, the C0 2 factor 
will rise more easily up to 100 than over 100. 

There is another fact that must be kept in mind in discussing the problem of 
indirect C0 2 fertilization. The fertilizer not only stimulates the microbiologi¬ 
cal activity in the soil but also acts directly as nutrition for the higher plants. 
This direct action is the only one to which attention has hitherto been paid in 
agriculture. 

The growth of the plant is controlled by a number of growth factors, including 
carbon dioxide and the nutrient salts, the carbon dioxide very often controlling 
the yield. For the full utilization of the carbon dioxide, of course, a sufficient 
supply of nutrient salts is necessary. When the concentration of the salts on 
the other hand is too high, a retarding effect may result and this again will re¬ 
duce the effect of the C0 2 factor. From this viewpoint a too heavy manuring 
or fertilizing, although it highly favors the soil respiration, is to be regarded as 
impractical. Only certain vegetables seem to endure very high quantities of 
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manure, and on the other hand it is a well known fact that beets require abun¬ 
dant salts. 

There is another limit for the indirect CO 2 fertilization. It has been stated 
that the lower limit for the injurious effect of CO 2 accumulation in the pore space 
of the soil is about 1 per cent 15 cm. below the soil surface. When the CO 2 
evolution is stimulated without provision for facilitating the aeration, the COa 
concentration in the soil increases and finally the 1 per cent limit is attained 
and surpassed. As the normal concentration in 15 cm. depth reaches about 
0.3 per cent, there is a broad margin for fertilization. Many plants endure 
CO 2 concentrations above 1 per cent. 

The total effect of manure and mineral fertilizers is thus always split up into 
two chief components: first, the direct salt action upon the higher plants 
(salt factors), and, second, the indirect salt action (CO 2 factor), i.e., the stim¬ 
ulating effect upon the microorganisms. But these two chief actions are to a 
certain extent interwoven, for with stimulation of the soil activity, more 
nitrates etc. are produced (see following scheme). 

Eject of fertilization 


3. Eventual change in the 
physical structure 
of the soil. 


X 

2 b. C0 2 evolution 
(C0 2 factor ) 

(salt factors) 

On account of the circumstances mentioned, there will be in general a certain 
parallelism between soil respiration and crop yield, with fertilization experi¬ 
ments on the same soil. The soil respirations of different soils do not stand 
in any simple relation to the fertility: for example* a clay soil of low respiration 
may be more fertile than a sandy humus soil of high respiration (table 11). 
The microbiological population and the salt content of these two types of 
soils are too different to permit the use of the respiration as an indicator of the 
total fertility. 

Figures 17 and 18 demonstrate a striking parallellism between soil respiration 
and yield. To what extent is the increase in yield due to the carbon dioxide 
factor? If we know the quotient Ak (p. 434), the part which the CO 2 factor 
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1321 1922 1923 


Fig. 17.1) agram Showing the Parallelism Between Carbon Dioxide Factor and the 

Yield of Oats 

a - no manure, b = farmyard manure, c = mineral fertilizer, 4 ~ mineral fertilizer -f 
manure. 


□ CO* factor 
H Leaves 



Fig. 18. Diagram Showing the Parallelism Between Carbon Dioxide Factor an<i 

Yield of Sugar Beets 

a-d « increasing intensities of hacking, e - no manure, / = farmyard manure, g * 
mineral fertilizer, h and i * mineral fertilizer + manure. 


alone plays can be calculated. As already stated further experiments are 
necessary for estimating accurate values of Ak. It will probably develop 
that Ak varies also with the salt nutrition. Starting with Ak as low as 0.60 
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TABLE 13 

Carbon dioxide factor and yield 


Oats , 1921 




(a) 

300 KGM. 
MANURE 
HACKING 

(b) 

300 KGM. 
MANURE 

(c) 

400 KGM. 
MANURE 

<d) 

3 KGM. SUPER¬ 
PHOSPHATE, 

6 KGM. POTAS¬ 
SIUM CHLORIDE, 

4 KGM. SODIUM 

NITRATE 

CO* factor. 

- mgm. | 

0.413 

±0.028 

0 466 
±0 047 

0.512 

±0.040 

0.534 

±0.052 

CO* relative value 


77.7 

99.9 

108.7 

113.4 


. kgm. 

12.5 

MM 

MM 

WEM 

. kgm. 

16.0 

■ 9 

B9 

mm 

S:a. 

- kgm. | 

28.50 

±1.10 

30 25 
±0.60- 

31.83 
±0 88 

35.33 
±1 05 


Oats , 7P22 




(a) 

(b) 

(C) 

(d> 


# 

NO MANURE 

300 KGM. 
MANURE 

3 KGM SUPER¬ 
PHOSPHATE, 

3 KGM. POTAS¬ 
SIUM CHLORIDE, 
3 KGM. SODIUM 
NITRATE 

. 

3 KGM. SUPER¬ 
PHOSPHATE, 

3 KGM. POTAS¬ 
SIUM CHLORIDE, 
3 KGM. SODIUM 
NITRATE, 

300 KGM. 
MANURE 

CO* factor . 

.. . .mgm. | 

0.363 
±0 019 

0.408 

±0.018 

0 506 
±0 019 

0.543 
±0 014 

CO* relative value 


68 5 

75 6 

94 2 

101.3 

xr . . /Seeds. 

Y,eld \Straw. 

. kgm. 

31 

32 

42 

43 

. kgm. 

11 

i 

16 


23 

S:a. 

. kgm. | 

42 

±1 68 

48 

±2.45 

62 

±2.50 

66 

±2.51 


Oats , IP2J 



(a) 

NO MANURE 

(b) 

3 KGM. SUPERPHOS¬ 
PHATE, 

3 KGM POTASSIUM 
CHLORIDE, 

3 KGM. SODIUM 
NITRATE 

(c) 

3 KGM. SUPERPHOS¬ 
PHATE, 

3 KGM. POTASSIUM 
CHLORIDE, 

3 KGM. SODIUM 
NITRATE, 

300 KOM. MANURE 

CO* factor. 

CO* relative value 

- mgm. | 

0.344 

±0.040 

1.9 

0.452 

±0.034 

81.3 

0.662 

±0.039 

119.1 

Yield (total). 


58.5 

±2.50 

76.5 

± 0.88 

93.8 

±1.25 
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TABLE 13 —continued 


Sugar beets * 1925 





(a) 


(b) 


(d) 



HACKING 

FOUR TIMES 

5/22/5 to 6/27/6 

HACKING 

SIX TIMES 

5/22/5 TO 6/29/6 

HACKING 
THIRTEEN TIMES 

5/22/5 to 8/26/6 

CO 2 factor. 

mgm. 


0 6591 


0.6398 


0.5826 

CO» relative value 



107.0 


103 8 


94.5 

Yield rootst . 

.kgm. 

■ 


■ 



■ 

191 

Yield relative value 








93.0 

Yield leaves. 

.kgm. 

1 


1 



■ 

115 

S:a. kgm. j 


343 

107 0 


323 

101.0 


306 

95 5 

Ratio, roots : leaves 



1 77 


1. 

76 


1.66 


\ (e) 

1 

(0 


<g) 1 

(h) 


(i) 


NO MANURE 

400 KGM. 
manure 

4 KGM. SUPER¬ 
PHOSPHATE, 

4 KGM. POTAS¬ 
SIUM CHLORIDE, 

4 KGM. SODIUM 
NITRATE 

4 KGM. SUPER¬ 
PHOSPHATE , 

4 KGM. POTAS¬ 
SIUM CHLORIDE, 

4 KGM SODIUM 
NITRATE, 

200 KGM. 
MANURE 

4 KGM. SUPER¬ 
PHOSPHATE, 

4 KGM. POTAS¬ 
SIUM CHLORIDE, 
4 KGM. SODIUM 
NITRATE, 

400 KGM. 
MANURE 

('Oi factor . vigtti. 

mm 

0 6081 

0 6204 

0 6414 

0 6539 

COi relative value 

n 

99 6 

101.1 

104 9 


106 95 

Yield rootsf. kgm. 

187 


178 

195 


■ 

200 

Yield roots relative value 

100 0 

95.0 

104 3 


■ 

Baal 

Yield leaves. kgm. 

88 


88 

141 


■ 

WjM 

Total. kgm. 1 

275 

=fcl5 6 

266 

dfc5 7 

■ 

■ 

mm 

EBi 


Total relative value 

100.0 

96 7 

122 3 

124 3 

129 0 

Ratio, roots : leaves. . . 

1.59 

1.73 

1 28 

1 34 

1.29 


* Plots a, b, and d fertilized with 3 kgm. superphosphate, 3 kgm. potassium chloride, 3 
kgm. sodium nitrate to 100 square meters, 
t To each 50 sq. m. 


(p. 435) we nevertheless will find that in the case of oats the CO 2 factor consti¬ 
tutes 50 per cent or more of the total fertilizing effect (17, p. 278). In other 
cases, as for example sugar beets in 1925, the increase in yield due to the 
carbon dioxide is smaller in comparison to the high “salt effect.” In plots 
a, by d and where only the carbon dioxide factor was varied, the yield depends 
wholly upon it (table 13).. In plot g, having the same carbon dioxide factor 
as plot e but received mineral salts, the yield increased 22.3 per cent. When 
by the addition of manure, the carbon dioxide factor is raised to 106.95, the 
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yield will rise in the same proportion, that is from 122.3 to 129.0. No doubt 
if it were possible to raise the carbon dioxide factor still more the yield would be 
correspondingly higher (table 9). 

The soils in the oat experiments and in the sugar beet experiments were of a 
quite different quality. The former was a sandy loam rich in humus but poor 
in salts, the latter was a heavy clay soil not very rich in humus but rather 
fertile. Fertilizing with mineral salts, therefore, in the sandy loam will highly 
stimulate the carbon dioxide evolution and maintain a high C0 2 factor (see 
table 6 where an increase in carbon dioxide evolution up to 357 per cent is 
demonstrated). In the clay soil, the humus content probably limits the C0 2 
evolution and the CO 2 factor, whereas the salt allows free development. The 
results indicate the importance of separating the two chief effects of fertili¬ 
zation according to the scheme on page 444. 

For estimating the carbon dioxide factor that controls the plant growth, the 
direct analysis of the atmosphere among the assimilating leaves is accurate. 2 
The measuring of the soil respiration serves well for comparing the effects of 
different treatments of the soil upon the carbon dioxide factor, but as the 
assimilation and the movements of the air among the leaves vary with the 
plants only the direct determination can indicate something about the pre¬ 
vailing C0 2 deficit or excess and the demands for fertilizing with this gas. It 
is obvious too that the C0 2 factor behaves differently from the salt factors 
with the variations of climate. The carbon dioxide is, for example dissipated 
by winds whereas the salttf are washed out by rain. No two identical soils 
will therefore give the same yield, if the wind exposition is different. 
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PLATE 1 

Fig. 1. Arrangement for determination of the Soil Respiration. To the left, the “respira¬ 
tion bell;” to the right, portable apparatus for C0 2 determination; connected by a rubber tube. 

Fig. 2. The experiment field in 1925 with field laboratory and apparatuses for CO* 
determination, one on each plot. 

Fig. 3. Interior of the field laboratory, showing the analysis apparatus at the left, the 
portable apparatus and respiration bell at the right. 



PLATE 1 
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THE SEEDLING PLANT METHOD OF DETERMINING SOIL 
NUTRIENT DEFICIENCY 
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Since the beginning of agricultural research, the problem of determining 
plant nutrient deficiencies in the soil has been of major importance. Various 
methods of solving this problem have been proposed, including acomplete^anal- 
ysis of the soil, extraction by acids of various kinds and strengths as well as by 
physiological means. It must be admitted, however, that at the present time 
there is no known method which is both accurate and generally adaptable. 

During recent years, the use of growing plants as a means of obtaining indi¬ 
cations of nutrient availability has received rather wide attention, to some ex¬ 
tent in this country, but more extensively in continental Europe. 

Mitscherlich (14) in Germany, has proposed a method of pot culture, in¬ 
volving the additions of complete fertilizers and of fertilizers deficient in the 
element under investigation. He has evolved a mathematical equation which 
when applied to field and pot yields is believed to indicate the deficiency of any 
given nutrient. 

Holben and Haley (11) at the Pennsylvania Station, working with buck¬ 
wheat plants, found some correlation between acid-soluble potash of the soil 
and potash removed by the plant. 

Hoffer (10) of the Indiana Station has recently reported a method of analyz¬ 
ing the com plant, both micro and macrochemically, which he claims gives an 
indication of the supply of nitrates and available potash in the soil. 

The biological method of soil analysis proposed by Neubauer (15, 16) has 
been rather thoroughly investigated abroad, and has received some attention 
in this country, particularly by the sugar industry (6,17). This method has 
been previously described by the authors (1). 

As several foreign investigators (2, 4, 5, 12, 13,18, 19) have reported upon 
the practical application of the seedling plant method for determining the nu¬ 
tritive requirements of the soil, it seemed advisable to investigate the practical 
application of this method as an indicator of the fertility requirements of soils 
in this country. 

EXPERIMENTAL 


As previously reported (1) it was found necessary to modify the original 
Neubauer procedure. Hahne (8, 9) has also found modification essential to 
good results. 
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It was found advisable to use larger pots of 12$ cm. diameter and 7 cm. 
depth mainly to give sufficient area to prevent undue crowding of the seedlings. 
A dilution of 200 gm. of soil and 1000 gm. sand was found to give best results. 
As the results with rye were unsatisfactory, wheat and several other plants, 
including com, buckwheat, and soybeans have been tried. 

For satisfactory results in a test of this kind it is necessary to choose seed 
with a high percentage of germination and uniformity in composition, for it is 
essential that the seedlings make an even and rapid growth. 

Soils from the 5-year rotation experiment of the Ohio Agricultural Experi¬ 
ment Station at Wooster were used in this series of tests. A few sandy soils 
from the Lake Erie district were also included for comparison, since these sandy 
soils are commonly considered to be deficient in potassium. 

Series 1 consists of plot soils that have received various combinations of fer¬ 
tilizers. As the soils of these plots have been under regular treatment for a 
period of 30 years, it would be expected that some would be markedly de¬ 
ficient in the element or elements not included in the fertilizer treatment 
received. 

The selected wheat seeds, previously treated with “Upsulun,” a chlorphenol 
mercury compound, were planted, 100 to a pot, in the soil previously made up 
as above and brought to optimum moisture content. At the end of 18 days 
the tops and roots were harvested separately and analyzed for phosphorus and 
potassium. 

The object of making a separate analysis of the roots, rather than using the 
whole plant, as Neubauer and others have done, was to determine whether the 
tops are as good indicators of nutrient availability as the whole plant, since if 
they should be, the error due to inability thoroughly to remove the soil from 
the roots, and to secure all the roots in the pot would be avoided. 

The data presented in tables 1 and 5 indicate that it is unnecessary to analyze 
the roots. The potassium assimilation by the tops has in every case paralleled 
the assimilation by the whole plant. 

Comparison of potassium and phosphorous assimilation by pot and field samples 

The wheat series were planted in pots late in September on the same date 
that the wheat was sown in the field. At the end of 18 days when the pots were 
harvested, representative samples from each field plot were also harvested and 
analyzed for potassium and phosphorous. By growing the pot series through 
the same period of time it was hoped to eliminate as far as possible certain errors 
between field and pot samples, particularly photo-periodic effects. The analy¬ 
ses of the field samples were calculated to the same weight as the plants in the 
pot test. As shown in table 2, representing soils of the 5-year rotation, and 
table 6, representing soils of the 3-year rotation (20), the potassium assimi¬ 
lated in pot culture varied directly with that assimilated in the field in every 
case excepting plot 11 of the 5-year rotation. This is the complete fertilizer 
plot. Apparently the pot cultures are fair indicators of field conditions. 
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TABLE 1 

Relative value of wheat tops , roots t and total plant material as indicators of potassium and 

phosphorous absorption 
(Soils from 5-year rotation) 


PLOT 

NUM¬ 

TREATMENT 

WEIGHT OF PLANTS 

POTASSIUM ABSORBED 

PHOSPHORUS 

ABSORBED 

BER 

Tops 

Roots 

Total 

Tops 

Roots 

Total 

Tops 

Roots 

Total 



gm. 

gm. 

gm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

; 

Pure sand 

0.954 

1.648 

2.602 

7.35 

6.55 

13.90 

9.40 

7.38 

16.78 

2 

P*0* 

1.162 

1.543 

2.705 

10.85 

7.07 

17.92 

9.74 

6.47 

16.21 

3 

KC1 

1.219 

1.605 

2.824 

14.11 

8.64 

22.75 

9.94 

6.57 

16.41 

5 

NaNO* 

1.122 

1.472 

2.594 

10.24 

7.77 

18.01 

9.54 

6.77 

16.31 

6 

P*0* + NaNO, 

1.160 

1.510 

2.660 

11.25 

7.43 

18.68 

8.86 

6.77 

15.63 

8 

KC1 + P 2 0* 

1.155 

1.409 

2.564 

14.31 

10.41 

24.72 

8.99 

6.16 

15.15 

9 

KC1 + NaNO, 

1.207 

1.460 

2.667 

12.75 

8.72 

21.49 

9.03 

7.24 

16.27 

11 

KC1 + NaNO* + 
P*Oa 

1.198 

1.499 

2.697 

11.70 

7.75 

19.45 

8.36 

8.73 

17.09 


TABLE 2 

Comparison of wheat yield and acid-soluble potassium with the available potassium by the 
Neubauer test and that present in field samples—tops only used as indicators 
(Soils from 5-year rotation, Wooster) 


PLOT NUMBER 

WHEAT YIELD 

ACID-SOLUBLE 

K 

AVAILABLE K BY 
NEUBAUER TEST 

K IN FIELD SAMPLE 


bu. 

p.p.m. 

mgm. 

mgm. 

2 

22.0 

17 

10.85 

18.49 

3 

14.88 

36 

14.11 

26.72 

5 

14.30 

23 

10.24 

14.15 

6 

25.88 

17 

11.25 

13.72 

8 

24.49 

30 

14.31 

23.09 

9 

15.32 

32 

12.75 

21.56 

11 

30.33 

31 

11.70 

28.10 


Field samples based on same weight as 100 plants from pot tests. 


TABLE 3 

Comparison of phosphorus extraction by li Neubauer method” with actual assimilation in 
the field and the yield of wheat 
(Soils from 5-year rotation, Wooster) 


TEST 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

2 

3 

5 

6 

8 

9 

11 

Neubauer method, mgm . 

9.74 

9.94 

9.54 

8.86 

8.99 

9.03 

8.3< 

Field sample, mgm . 

8.26 

6.47 

5.56 

6.74 

7.35 

4.68 

! 7.4- 

Wheat yield, bu . 

22.0 

14.88 

14.30 

25.88 

24.49 

15.32 

30.33 


Field samples based on weight of 100 plants in pot test. 
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TABLE 4 

Comparison of phosphorus extraction by u Neubauer method” with actual assimilation in the field 
(Soils from 3-year rotation, Wooster) 


TEST 

I 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

PLOT 

2 

3 

5 

6 

8 

9 

11 

Neubauer method, mgm . 

9.44 

10.58 

9.27 

7.75 

8.08 

8.63 

7.48 

Field sample, mgm . 

7.41 

6.32 

5.87 

6.10 

7.50 

4.90 

6.86 

Wheat yield, bu . 

34.82 

28.61 

27.84 

34.74 

35.97 

30.13 

36.82 


TABLE 5 

Relative value of tops f roots t and total plant material as indicators of potassium and 
phosphorus absorption 


(Soils from 3-year rotation) 


PLOT 

NUH- 

TREATMENT 

WEIGHT OP PLANTS 

POTASSIUM ABSORBED 

PHOSPHORUS 

ABSORBED 

BER 

Tops 

Roots 

Total 

Tops 

Roots 

Total 

Tops 

Roots 

Total 



gm. 

gm. 

gm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 


Pure sand 


1.531 

2.564 

6.23 

7.91 

14.14 

8.76 

8.19 

16.95 

2 

PjOs 


1.413 

2.474 

9.20 


18.28 

9.44 


17.53 

3 

KCl 

1.305 

1.364 

2.669 

16.56 

10 72 

27.28 


8.52 

19.10 

5 

NaNO, + dried 
blood 

1.173 

1.539 

2.712 

9.76 

8.88 

18.64 

9.27 

8.73 


6 

NaNO, + P,0, + 
dried blood 

1.127 

1.570 

2.697 

8.92 

9.96 

17.88 

7.75 

6.53 

14.28 

8 

P 2 0 6 + KCl 

1.254 

1.532 

2.786 

14.39 

9.12 

23.51 


5.62 


9 

NaNO, + KCl -f 
dried blood 

1.219 

1.539 

2.758 


9.68 


8.63 

7.54 

16.17 

11 

NaNO, 4 P*0 6 4 
KCl 4 dried 
blood 

1.061 

1.442 

2.503 

8.48 

8.68 

! 

17.16 

7.48 

6.81 

13.29 


TABLE 6 

Comparison of wheat yield and acid-soluble potassium with the available potassium by Neubauer 
test and that present in field sample—tops only used as indicators 


(Soils from 3-year rotation, Wooster) 


PLOT NUMBER 

WHEAT YIELD 

ACID-SOLUBLE 

POTASSIUM 

K BY NEUBAUER 
TEST 

K IN FIELD SAMPLE 


bu. 

p.p.m. 

mgm. 

mgm. 

2 

34.82 

25 

9.20 

24.35 

3 

28.61 

37 

16.56 

48.48 

5 

27.84 

28 

9.76 

23.75 

6 

34.74 

22 

8.92 

16.59 

8 

35.97 


14.39 

39.11 

9 

30.13 


10.60 

34.67 

11 

36.82 

•• 

8.48 

30.50 
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although plants grown in the field assimilated much greater quantities of 
potassium, probably because of the larger amount of soil at their disposal. 

The converse is true of phosphorous assimilation, as shown in tables 3 and 4. 
In every case the field-grown plants contain less phosphorous than those of the 
pot cultures, and furthermore, the pot cultures are remarkably uniform in phos¬ 
phorous assimilation, showing much less variation than the field samples. 
Apparently the pot cultures give little indication of field nutritional conditions 
so far as phosphorous is concerned. 

Comparison of potash assimilation in pot culture with the soluble potash of 
the soil and with the wheat yield 

There are wide differences in the centi-normal nitric-acid-soluble potassium 
in these soils as shown by Ames and Simon (2). A comparison of the potassium 
assimilated by wheat plants in pot culture with the acid-soluble potassium of 
the soil shows practically no correlation for the soils from plots of the 5-year 


TABLE 7 

Results of Neubauer test with wheat seedlings on Dunkirk and Maumee fine sands 


SOIL 

PREVIOUS TREATMENT 

ACID- SOLUBLE 

POTASSIUM ABSORBED 

K IN SOIL 

Tops 

Roots | 

Total 

Dunkirk fine sand 

Virgin 

P fi tn. 

36.27 

mgm. 

11.21 

mgm. 

8.20 

mgm. 

19.41 

Dunkirk fine sand 

Cropped 

53.10 

11.94 

8.68 

20.62 

Dunkirk fine sand 

Potatoes, then pas¬ 

32.78 

10 20 

8 65 

18.85 

Maumee fine sand 

ture 15 years 

Virgin 

14.48 

12.58 

7 47 

20.05 


rotation. In the case of the 3-year rotation fertility soils there appears to be 
some agreement for the first four plots, although the lack of acid-soluble figures 
for the last three soils of this series precludes drawing any definite conclusions. 

Comparison of wheat yield with potash assimilated by wheat seedlings 

A comparison of the average wheat yield for the last five years on these plots, 
with the available potassium as indicated by the seedlings, is given in tables 2 
and 6. It is notable that plot 11 of both the 3 and 5-year rotations, gives the 
highest yield, as would be expected since these plots received a complete fer¬ 
tilizer treatment. The biologically available potassium on these plots, how¬ 
ever, is much less than for plot 9 of both rotations, which received only nitrates 
and potash and produced a much lower average yield, whereas the assimilated 
potassium for plot 11 is but slightly greater than from plot 6 for both rotations, 
although the latter plot has never received any addition of potassium. 

An explanation of this may be that the heavy yields of plot 11 have tended 
to utilize the available potassium to such an extent that there has been no ac- 
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cumulation in the soil. From the results for those plots which have never re¬ 
ceived potassium additions; namely, plots 2 and 6 of both rotations, it would 
appear that the yields have been so low that the supply of native potash be¬ 
coming available in these soils has not been greatly reduced. 

As a further check upon the reliability of this method, particularly the use of 
the wheat plant, a series was grown, using Dunkirk and Maumee fine sands 
from the Lake Erie district. A description of the soils with the results ob¬ 
tained is given in table 7. 

Here again it is to be noted that the tops are better indicators of potassium 
availability than is the whole plant, since the tops exhibit considerable varia¬ 
bility, whereas the roots are remarkably uniform in potassium content. 

Although these sandy soils are considered to be naturally deficient in po¬ 
tassium, the assimilated potassium is in every case equal to, or more than, that 
from plots in the 5- and 3-year rotations which have received no potassium. 
The acid-extractable potassium is also remarkably high upon these soils and 
there is no correlation between the acid-soluble and the biologically available 
potassium. 

Phosphorous availability 

The data in tables 1, 3,4, and 5, show that in no case is the variation in the 
phosphorous assimilation by the wheat seedlings of sufficient magnitude to in¬ 
dicate any variation in availability. In fact the data in tables 1 and 5 show 
that the phosphorous assimilated by the plants corresponds closely to the 
amount in the seed, the phosphorous content of plants in the sand checks being 
in most cases equal to or greater than that of plants grown on diluted soil. On 
the other hand, the phosphorous content of plants grown in the field varies as 
much as 3 or 4 mgm. among the different plots. 

Studies with other plants 

Although the variation in potassium assimilation indicates that the seedling 
test may have some value, the results for phosphorous show that the wheat 
plant can not be used as an indicator of the availability of this element. In 
order to determine whether other plants than wheat might have greater utility, 
three new series using corn, soybeans, and buckwheat were grown in soils from 
the same plots used for the wheat series. 

These plants were grown 18 days and since results from wheat plants had 
indicated that it was unnecessary to utilize the roots, only the tops were har¬ 
vested. 

The buckwheat series proved of no value. The germination percentage was 
very low and extremely variable; the seedlings were very spindling and many 
cotyledons had dropped off, leaving only a bare, leafless stem by the eighteenth 
day. 

The results of analyses of com for potash and phosphorous are given in 
table 8. Although there is a considerable variation in the assimilated potas- 
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sium, there is no direct correlation with the acid-soluble potassium or yield of 
the plots other than that an increased yield seems to have greatly reduced the 
available potassium of the soil even with a considerable addition of potash 
salts. The reduction is greater than on soils receiving no potash additions and 
having, of course, much lower corn yields. Apparently the potassium content 
of the Dunkirk and Maumee fine sands is not so readily assimilated by corn 
seedlings as by wheat seedlings (table 10). 

The phosphorous assimilation is no greater and shows no larger variation 
than in the wheat series, there being no appreciable assimilation above the 
seed content as shown by the silica sand check. In many cases the soil cultures 
fall below the check plots. 

Although in a previous test (1), corn appeared to be a better indicator than 
wheat of potassium availability, the data for this series do not corroborate the 


TABLE 8 

Comparison of potassium and phosphorous assimilation by the corn plant using the Neubauer 
method , with acid-soluble potassium and crop yields 


PLOT 1 
NUMBER! 

SOIL TREATMENT 

K IN SOIL 

CORN YTELD 

1919-1923 

K ASSIMILATED 

P ASSIMILATED 

1 

None 

p p.m. 

23 

bu 

33.25 

mgm. 

14.19 

mgm. 

13.65 

2 

P 2 0* 

17 

34.48 

12.14 

13.85 

3 

P-O 

36 

47.16 

18.49 

14.09 

8 

PjOfi + K;0 

30 

53.71 

12 94 

13.78 

11 

P*0» -f K,0 -f N 

31 

58.67 

10 57 

13.45 


Dunkirk, Virgin 

36 


9.96 

13.04 


Dunkirk, Crop Experi¬ 

53 


9 76 

11.93 


ment 

Dunkirk, potato then pas¬ 

32 


9 65 

12.20 


ture 15 years 

Maumee Virgin 

14 

i 

10 73 

11.32 


Silica sand check 



8.96 

12.67 


former results. The previous test involved only 5 plants, whereas this series 
was run with 25 plants to the pot more nearly to attain a starvation condition 
as advised by Neubauer (15,16). It is probable, therefore, that the favorable 
results obtained previously were due to more nearly optimum growth factors 
than are provided for in the seedling method as devised by Neubauer. 

A soybean series was also grown, 25 seeds being used to the pot, as for com. 
The results which are of particular interest are given in table 9. The potassium 
assimilation does not vary in the same direction as for corn and wheat. 

The higher potassium assimilation of soybeans follows the fertilizer treat¬ 
ment. It will be noted that the potassium assimilation is larger from the com¬ 
plete fertilizer plot and the plot that has had addition of phosphorous and po¬ 
tassium. Soybeans as compared with wheat and com have also indicated a 
greater potassium availability for the sandy soils. 
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Although it may appear from these results that the soybean is more satis¬ 
factory than the other plants for indicating variations in potassium availability, 


TABLE 9 

Comparison of potassium and phosphorus assimilation by soybeans with the acid-soluble 

potassium in soil 


PLOT 

NUMBER 

SOIL TREATMENT 

AC ID'SOLU BLE 

K IN SOIL 

K ASSIMILATED 

P ASSIMILATED 

P IN SEED* 



p.p.m 

mgm. 

mgm. 

mgm 

1 

None 

23 

35.62 

13.11 

12.68 

2 

PA 

17 

30.80 

9.50 

10.62 

3 

K a O 

36 

36.67 

14.09 

12.39 

8 

Pt0 6 + KjO 

30 

39.28 

14.32 

14.46 

11 

PiO* + K,0 + N 

31 

45.43 

15.88 

14.46 


Dunkirk-Virgin 

36 

39.68 

11.21 

13.57 


Dunkirk, cropped 

53 

44.31 

15.30 

14.75 


Dunkirk, potatoes, then 

32 

40.25 

13.72 

14.16 


pasture 15 years 
Maumee-Virgin 

14 

47.37 

15.67 

14.46 


Silica sand check 


35.42 

14.46 

14.46 


* Calculated from sand check. 


TABLE 10 

Comparison of potassium assimilated in excess of pure sand checks by wheat, corn , and soybeans * 


son SOURCE 

POTASSIUM ASSIMILATED IN EXCESS OF SAND CHECK 

Wheat 

Corn 

Soybeans 


mgm. 

mgm. 

mgm. 

Plot 1 

1.20 

5.23 


Plot 2 

3.50 

3.18 

4.78 

Plot 3 

6.76 

9.53 

6.43 

Plot 5 

2.89 


.... 

Plot 6 

3.90 



Plots 

6.96 

3.98 

4.00 

Plot 9 

5.40 



Plot 11 

4.35 

1.61 

10.15 

Dunkirk-Virgin 

3.86 

1.00 

6.56 

Dunkirk-Cropped 

4.59 

0.80 

9.03 

D unkirk-Pasture 

2.85 

0.69 

5.69 

Maumee-Virgin 

5.23 

1.77 

12.09 


* Because the soybeans are very high in potassium and the cotyledons were included in the 
analysis and since the number of soybean plants to the pot varied considerably, the values are 
here calculated to the number of plants to the pot. 


it is not a suitable plant for the seedling test. Soybean seed has a high potas¬ 
sium content, and the possibility of wide differences in the amount in different 
lots of 25 seeds, together with the inability to secure a consistent germination 
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percentage renders the interpretable value of the data doubtful. It is appar¬ 
ent that the phosphorus assimilation does not vary consistently, nor is there a 
noticeable excess beyond that of the pure sand check. 

Table 10 consists of the condensed data of these three series. In each case 
the potassium content of the pure sand check has been substracted from the 
remainder of the pots in the series in order more closely to compare the data. 
In the case of soybean, where the number of plants to the pot varied from 
18 to 25, the value of a single plant grown on pure sand was determined and 
this value multiplied by the number of plants in each pot before substruction. 
The variation for the three crops is shown graphically in figure 1. The value 



Hot 1 Plot Z Plot 3 Plot 8 Plot 11 j Virgin Cropped Posture | Virgin 


looater flre-yeer Rotation _J_ Dunklrfc fine amd | Mouneo 

Fig. 1. Potassium Assimilated by Different Crop Plants 


of these data consists largely in the evidence produced that no one plant, such 
as rye, used by Neubauer can serve as an indicator of the availability of any 
given nutrient for all plants. There exists no consistent relation between the 
assimilation of potassium by the three plants, com, wheat, and soybeans upon 
the same soil. 

Comparison of results with those obtained by Neubauer 

Since Neubauer (16) has grown his rye seedlings on soils which for 30 years 
were under a system of fertilizer treatment similar to that given for an equal 
period to the soils used in the present study, a comparison of the two sets of 
data may be made as shown in table 11. 
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Although the data referring to the present study are for tops only, even 
should a reasonable allowance be made for the potassium in the roots, the 
results would in all cases still be only one-fifth to one-tenth as large as 
Neubauer’s. There is also no evidence of correlation between the plot treat¬ 
ment and the potash assimilation of the two series of soils. In general, it 

TABLE 11 


Comparison of results with those obtained by Neubauer 


KIND OF FERTILIZER USED 

PRESENT STUDY—K ABSORBED BY 

RESULTS OP 
NEUBAUER— 

Wheat 

Corn 

Soybeans 

K ABSORBED BY 
RYE 

Unfertilized 

mgm . 

1.20 

mgm. 

5.23 

mgm . 

4.60 

mgm . 

29.1 

P 2 O 6 only 

3.50 

3.18 

4.78 

26.2 

K 2 O only 

6.76 

9.53 

6.43 

56.0 

N only 

2.89 



21.7 

P 2 O 6 + NaNOs 

3.90 



25 5 

P 2 O* + KC1 

6.96 

3.98 

4.00 

61.9 

KC1 + NaNOs 

5.40 



57.'5 

KC1 + NaNOs + P 2 O 5 

4.35 

1.61 

10.15 

59.4 


TABLE 12 


Variation in potassium absorption within the duplicates of a single series—corn series 


POT NUMBER 

SOIL 

« 

NUMBER OF 
PLANTS 

WEIGHT OF 
PLANTS 

POTASSIUM 

ASSIMILATED 

DIFFERENCE IN 
WEIGHT 

1 

1 

25 

gm. 

1.6610 

mgm. 

14.31 

mgm. 

2 


25 

1.5341 

14.07 

0.24 

3 

2 

25 

1.5082 

13.75 


4 


25 

1.2784 

10.53 

3.22 

5 

3 

25 

1.5790 

15.92 


6 


25 

1.6116 

21.07 

5.15 

7 

8 

25 

1.5440 

13.02 


8 


25 

1.5697 

12.86 

0.16 

9 

11 

25 

1.5154 

10.21 


10 


23 

1.1038 

10.93 

0.72 


must be said that the small absolute values for potash assimilation obtained in 
the present study, and the relatively large errors involved due to the varia¬ 
tion between duplicate pots in a series render the value of the method very 
doubtful as applied to soils of the character studied. 

The variation between duplicate pots, which are often as great as that be¬ 
tween two different soils, can be explained only on a physiological basis, since 
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the weights of the plants grown in duplicate pots are remarkably uniform for 
wheat and corn. It is probable that a series of physiological factors involv¬ 
ing inheritance and environment may be involved and these, in such an ex¬ 
periment as this, are beyond control. An attempt to control heritable varia¬ 
tions was made, particularly in the case of com, by using Burr Learning, a 
double cross of inbred strains. Wheat and soybeans, being naturally inbred, 
should be fairly homozygous for growth factors within a given variety, though 
undoubtedly a pure line selection would be better than a variety. 

Environmental factors might be better controlled by the use of artificial 
light and a constant temperature case. Neubauer (15, 16), however, has in¬ 
dicated that light is not an important factor, and Gunther (7) has confirmed 
this statement since he found but slight variation in potassium and phosphor¬ 
ous assimilation when the light was varied from complete darkness to full day¬ 
light. Wiessman (21) apparently disagrees with this, since he states that the 
stronger the light the greater is the influence upon seedling growth and nu¬ 
trient assimilation. 

Gunther (7) has also shown that the hydrogen-ion concentration of the soil 
does not materially influence the assimilation of nutrients by the seedling. 
This seemed to hold true in the present study, where there was no apparent re¬ 
lation of assimilation to the pH value of the soils used. 

CONCLUSIONS 

1. An investigation of the seedling plant method of determining the avail¬ 
able soil nutrients indicates that the method devised by Neubauer is not gen¬ 
erally applicable. 

2. No one plant has been found which will indicate availability for all kinds 
of crop plants. 

3. The error between duplicate pots is often of the same magnitude as the 
difference between the various soils under investigation. 

4. Variations in potassium absorption were neither large enough nor suffi¬ 
ciently consistent to serve as a guide to the potassium requirements of the soils 
studied. 

5. Contrary to Neubauer’s results, no variation in phosphorous assimila¬ 
tion was found. 

6. It may be possible so to standardize the seedling plant method that it may 
serve as an index of availability but it is believed that physiological limitations 
may exist which will be found insurmountable. 
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The presence of a layer of impervious material beneath the surface of a soil 
is usually a limiting factor in plant growth. True, there are instances where 
agricultural plants grow with extraordinary success in regions where a sub¬ 
surface stratum of this character is known to exist, but usually such a region 
is considered to offer little prospect of a continuously successful agricultural 
history. Hard-pan is a layer of just this sort. It is found as a calcarious pan, 
as well as one in which iron salts predominate. Of this latter, California has a 
considerable area, since of the 23,000,000 acres of arable land in the state, 
2,000,000 acres are known, from soil surveys, to have an iron hard-pan below 
the surface. As hard-pan obstructs the penetration of water and roots, 
in the semi-arid conditions such as in California where roots of most agri¬ 
cultural plants penetrate to a considerable depth, blasting is often resorted to 
in an attempt to overcome the disadvantages of the pan. 

Many explanations of the cause of hard-pan have been made in the past. 
That suggested by Hilgard (5) attributes the formation to a solution of ma¬ 
terials at the weathering surfaces with a subsequent descent of these solutions 
to a lower level where the penetration of air “may cause the accumulation of 
the dissolved matter at a certain level year after year.” But such a statement 
is, in fact, an empiricism and offers little satisfaction when the real explanation 
of the cause of pan formation is desired. Perhaps one of the most generally 
accepted of the theories is that which assumes successive stages of reduction 
and oxidation of the iron salts by the organic acids to a ferrous state with the 
subsequent precipitation of ferric salts through the action of air. Such a view 
is perhaps a little more definite than the older theories. Still more recently, 
however, attention has been directed toward the behavior of the colloids in the 
soil. With such newer knowledge, a theory has been developed by Morison 
and Sothers (7), who explain the pan formation by showing that in soils 
generally there is a favorable condition for the formation of a “sol” of ferric 
hydroxide and “humus.” This “sol” on reaching the water level accumulates 
and during the dry months deposits as an irreversible “gel.” This latter 
process also takes place through the action of electrolytes. These authors 
further say that 

as soon as the level exists at all, it is easy to imagine the rapid manner in which it (the level) 
will increase, and it is not difficult to conceive of the action described going on year after 
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year until the result called hard-pan is reached. On arrival of the wet season, the coagulated 
and desiccated colloids will not entirely go back into suspension as the colloidal character 
may. well have been changed during the process of desiccation. 

This explanation seems more logical, especially in view of the fact that the 
authors have been able to obtain these “sols” by washing ferric humus gels. 

For the past several months this laboratory has been studying the iron 
depositing bacteria in relation to their occurrence in milk and dairy products. 
The writer’s attention was first drawn to their general importance through the 
reading of Harder’s (4) paper, in which he gives rather conclusive proof of the 
possible formation of certain sedimentary iron ores through the agency of the 
iron depositing bacteria. It was thought that they might as well be a factor 
in the formation of iron hard-pan which is so prevalent in the west. It is of 
great interest then to find on reading the paper by Morison and Sothers (7) 
at the end of their discussion a statement that 

it is conceivable that some of the iron bacteria may play a part in the formation of pan, 
because that will be the only layer which will hold enough moisture for their existence. It is 
possible that, in the absence of much organic matter, organisms might use the humic acid 
combined with the iron as a source of energy, and leave the iron in the form of ferric hy¬ 
droxide. The authors, however, consider that it is possible to account for the formation of 
pan without the intervention of living organisms. 

This statement is made without apparent experimental evidence, and it seems 
likely that had published'evidence existed, the authors would have cited it. 
To this might be added a recent contribution by Swinerton (8) which, again, 
is unsupported by experimental evidence but nevertheless shows the trend of 
thought concerning the iron depositing bacteria. Describing the finding of 
iron bacteria in Yosemite Valley, he says that 

Bacteria, iron bacteria, among many other forms, may be important factors in the cementa¬ 
tion of sand and gravel materials. Such would be the logical conclusion to draw from the 
results of previous studies in bacterial deposition; not only does the activity of the low forms 
of life provide material for the mass of rocks themselves, but also the material for binding 
clastic sediments. 

Although it is not felt that there is yet direct proof of the contention the 
author is about to make and, although much more work remains to be done, 
still it is felt that these observations might add significance to whatever knowl¬ 
edge has been gained concerning the process of the formation of hard-pan. 

As long ago as 1836, Ehrenberg suggested that bacteria play an important 
r61e in the formation of bog iron ore. Molisch (6), Cholodny (2), Ellis (3), 
and Harder (4) have all worked with these organisms, publishing descriptions 
of them and of their physiological reactions whenever they were able to 
propagate them artificially, which is difficult to accomplish. The charac¬ 
teristic reaction seems to be a precipitation of iron salts, usually the 
hydroxide from solutions of iron. Winogradsky claims (9, 10) that this 
deposition is a vital process, the organisms receiving their energy from the 
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reaction, although of recent years the tendency has been to consider that the 
deposition is simply incidental to the life processes of the organism. Whatever 
the underlying principle of the precipitation, the fact remains that such a 
precipitation takes place. The organisms usually defined as the “iron bac¬ 
teria” are not the true bacteria (eubacteria) but probably would be included 
under the family Chlamydobacteriaceae since they are sheathed and filamentous 
forms. These workers, however, have found that some of the common soil and 
water bacteria also are able to deposit iron from solution in a manner similar 
to that of the “true iron” types. The finding of such iron-depositing bacteria 
in the soils and water of California led to a study of the hard-pans of the state. 
Several hard-pans were obtained, and from a freshly fractured surface small 
amounts were ground off with a sterile drill into a medium which has the 
following composition, as described by Harder (4): K 2 HPO 4 0.5 gm., MgSOi 
0.5 gm., NH 4 NO 3 0.5 gm., CaCl 2 0.2 gm., NaNOa 0.5 gm., ferric ammonium 
citrate 10 gm., water 1000 cc., pH 7.0. 

This was used as a broth as well as a solid medium. In figure 1 of plate 1 
are shown four of the pans, one of which has two holes, the result of the sam¬ 
pling process. The powdered pan, placed in sterile petri dishes and in tubes of 
Harder’s broth, gave results shown in plate 1, figure 2, and plate 2, figure 1, 
respectively. The colonies are reddish, irregular, and incrusted with a fine 
film of iron salts. The broth tubes show the typical deposition of the iron 
from solution. Incubation to obtain the typical reaction varied somewhat 
from three weeks to three months. 

The numbers varied from a few hundred to many thousand to each gram of 
pan substance, but since no method of obtaining exact numbers has been 
evolved, the actual counts are not given. 

Isolation of the organisms discloses the fact that rods and cocci both are 
found in the cultures. They precipitate the iron in pure culture, but at a con¬ 
siderably slower rate. As a class, they ferment the salts of the organic acids 
with a distinct shift of the hydrogen-ion concentration to the alkaline side. 
They thus conform to the alkali bacteria, a group of organisms found in milk, 
and described by Ayers, Rupp, and Clemmer (1). These organisms are being 
subjected to more careful study which will be reported in a later paper. 

In addition to the foregoing, there is further evidence of the possibility of a 
biological phase in the formation of iron hard-pan when the pans are examined 
under a microscope. Under a low power dissecting microscope giving mag¬ 
nification of 60 diameters and with reflected light, the pans show a coarse open 
structure with numerous cavities. These cavities are sometimes seen to be 
filled with a cobweb-like formation, as is shown in plate 2, figure 2. Only two 
pans of the six examined showed this formation but it is mentioned as further 
evidence of the presence of such organisms in pan material. When these 
filaments are removed from the pan and further examined with the higher 
power microscope, they appear to be somewhat similar to the higher bacteria. 
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forms described by Harder and others. Plate 2, figure 3 shows them under a 
magnification of 900 diameters. 

In hard-pan then, we have evidence of both a previous microbial life and a 
present life, both of which deposit iron from solution. Such facts are of con¬ 
siderable significance. It seems to the author that there is thus offered a 
plausible explanation of at least one factor in the formation of hard-pan. He 
has seen in many parts of California, along the roots of grasses, particularly 
of rice, long tubules of red material which are teeming with iron depositing 
bacteria. Could not the iron which is found in the pan be first precipitated 
by the organisms and thus carried to the level, which later forms the hard-pan 
itself? The imagination is not unnecessarily stretched by such a conception. 
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PLATE 1 

Fig. 1. Four of the hard-pans used in the studies. 

Fig. 2. Typical fermentation of the iron depositing bacteria studied. 
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Hidalgo County, Texas, is located in the southernmost part of the state, 
about 30 miles west of the Gulf of Mexico, and adjacent to the Rio Grande, 
which divides it from Mexico. The ninety-eighth meridian of west longitude 
passes through the eastern part of the county. 

The apex of the Rio Grande delta begins near the western edge of the county, 
the triangle on the American side widening gradually at first, then more rapidly, 
until at the eastern edge of the county the area of alluvial deposits, including 
those in both first and second bottom positions, is more than 25 miles wide. 
The greater part, if not all, of the remainder of the geological material under¬ 
lying the soils of the county are included in a huge alluvial fan, deposited by 
drainage waters flowing over the region from the highland northwest of the 
Rio Grande basin. All of the geological deposits from which the soils of the 
county have been developed are thus of fluvial origin. The soils on the 
recently deposited and more or less frequently overflowed alluvial plains are 
identical with the alluvial deposits, but the rest of the soils of the county have 
characteristics of great significance, which the alluvial soils do not have. The 
geological deposits from which the soils in all parts of the county have been 
developed were, and where not subsequently changed are, calcareous. 

The average annual rainfall of Hidalgo County ranges from less than 20 
inches in the western part to 22 \ inches in the eastern part. Thus the soil 
material under discussion has existed entirely under semi-arid and semi-humid 
conditions. 

The soils of the county vary from young to mature, the latter being soils 
which have well developed profiles. The youngest soils of the county, meas¬ 
ured in terms of the imperfection of their profile development, are found in the 
Rio Grande and Harlingen series, which exist as strictly first bottom soils, 
subject to ordinary overflows by the Rio Grande. Next older are the Laredo 
soils, existing as natural levees, mounds, and ridges in the first bottom of the 
river, and subject only to overflow by floods higher than the average. The 
Hidalgo and Victoria soils occur on terraces or second bottoms, and have had 
time to develop moderately well defined but incomplete profiles, whereas the 
Brennan, Willacy, Duval, and Nueces soils have developed profiles that seem 
to have attained the features of maturity for the environment in which they 
have developed. 
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SOIL SERIES 

Short descriptions of these soils as found in Hidalgo County follow: 

Rio Grande series . Dark brown to brown soils, overlying brown to light brown subsoils. 
Material of varying colors and textures frequently interstratified. Calcareous from surface 
downward. Topography flat to nearly level. Drainage only fair to good. First bottom, 
subject to ordinary overflows. 

Harlingen series . Ashy grayish brown to grayish brown soils, underlain by ashy grayish 
brown to grayish brown subsoils. Soil and subsoil colors brown when moist. Calcareous 
from surface downward. Topography flat to nearly level. Drainage only fair to poor. 
First bottom, subject to ordinary overflows. 

Laredo series. Brown or light brown to slightly chocolate brown soils, the subsoil being 
light brown to yellowish brown. Layers of lighter texture than the surface are generally found 
within three feet of the surface. Calcareous from surface downward. Levee positions or 
mounds or ridges in first bottom. Subject only to highest overflows of river. Drainage 
fair to good. Topography nearly level to slightly moundy. 

Hidalgo series. Soils brown to slightly dark brown, overlying a friable brown to light 
brown subsoil which passes through yellowish-brown into a buff or pinkish-buff highly calca¬ 
reous layer within 3 feet. Soil is always calcareous above 18 inches and generally from 
surface downward, lime content increasing with depth. Second bottom or terrace position. 
Nearly level to gently undulating topography. Drainage good as a rule. 

Victoria series . Soils dark brown to nearly black, overlying material identical with the 
lower material of the Hidalgo series. Position, drainage, and topography similar. Soil 
lime characteristics identical with that of the Hidalgo soils. Eastern correlative of Hidalgo 
soils. 

Brennan series . Grayish brown to brown soils, overlying brown, friable subsoils, becoming 
light brown or yellowish brown within 3 feet. Not generally calcareous above 30 inches, 
though sometimes below 18 inches. Below 3 feet a buff-brown or pinkish-buff highly cal¬ 
careous clay loam is found, which continues to caliche, found at an average depth of 6 feet. 
Well drained. Gently undulating topography. 

Willacy series. Dark brown soils, overlying brown, friable subsoils, becoming light 
brown or yellowish-brown within 3 feet. Below 3 feet a buff-brown or pinkish-buff highly 
calcareous clay loam is found, which continues to 10 or 20 feet, when it passes into yellow¬ 
ish-brown to yellow sand. No caliche under these soils. Not generally calcareous above 
30 inches, though sometimes below 18 inches. Well drained. Gently undulating topography. 
Eastern correlative of Brennan soils, except for absence of caliche. 

Duval series. Brownish-red to light reddish-brown soils, overlying non-calcareous, friable, 
light red to red subsoils. Caliche at 3 to 6 feet. No effervesence with hydrochloric acid 
above caliche. Topography nearly level to gently undulating. Drainage good. 

Nueces series . Light brownish-gray to light grayish brown soils, underlain at from 2 to 6 
feet by a heavy bluish-gray clay mottled yellow and sometimes red. Underlain at from 4 to 
8 feet by caliche. Non-calcareous above caliche. Topography nearly level to undulating, 
slightly dune-like in places because of reworking of surface material by winds. Drainage 
good to excessive. 

The average annual rainfall of 20 to 22 \ inches to which these soils have been 
subjected since their deposition has been insufficient to remove the soil car¬ 
bonates present in the soils when they were deposited or those carbonates which 
have developed through the normal chemical processes continually going on 
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within the soil mass. These soils, however, vary with age as to the presence 
and absence of lime in the soil, and the degree to which the leaching and accum¬ 
ulation of the soil carbonates has gone on. 

The soils of the county may be divided into two groups on a basis of the 
presence or absence of carbonates in the upper soil horizons. Using an arbi- 





Fig. 1. Sketch Map or Hidalgo County, Texas, Showing the Location of Its Major 

Soil Aseas 

Scale, approximately 8 miles to 1 inch 

trary limit of 18 or 20 inches, those soils having soil lime in the horizons above 
include the younger soils lying at the lower elevations: namely, the Rio Grande, 
Harlingen, Laredo, Hidalgo, and Victoria soils. Those soils in which no lime 
is found above that limit are the older, higher lying soils of the Brennan, 
Willacy, Duval, and Nueces series. 
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Even within this broad classification there are distinct differences in the 
stages of leaching or lime accumulation, which for the most part vary with the 
age of the soils, the degree of accumulation corresponding in the main with the 
soil age. A minute examination of an exposed soil profile shows interesting 
factors, which will be given below. 

STAGES OF LEACHING 
First stage 

In the most recent alluvial soils, those of the Rio Grande series, there is 
absolutely no evidence of leaching or greater accumulation of soil lime in any 
particular location or horizon within the section, approximately the same 
degree of effervescence with hydrochloric acid being obtained throughout. 
Neither are lime accumulations in the form of concretions or nodules of the 
smallest size visible. The same is true of the Harlingen soils in all respects, 
though there is noticed at depths of from five to more than six feet a layer of 
reddish material. If this reddish material is an evidence of accumulated lime 
or a distinct high lime bearing horizon it shows a stage of leaching in advance 
of the Rio Grande series. In this case, however, there is the possibility of this 
material being an older deposition of reddish material, which would offset the 
pinkish color found in most cases as incidental to a relatively high stage of 
lime accumulation in this general region, and indicate that the Harlingen has 
the same degree of leaching as the Rio Grande. The absence of leaching, or 
rather the uniform presence of lime throughout the soil profile may be termed 
the original or first stage in the degree of leaching and lime accumulation. 

Second stage 

The material of the Laredo series shows a fairly uniform reaction with hydro¬ 
chloric acid throughout the section. There are visible, however, occasional 
small lime concretions or accretions, a slight cementation of the soil particles 
adjacent to old root channels and animal burrows, and a white mycelioid 
development of soil salts of calcareous nature embracing areas of a foot or more 
in diameter, generally located more than three feet below the surface. The 
fact of its greater age as evidenced by its higher position in the Rio Grande 
first bottom is paralleled by its greater advancement in the leaching of its soil 
lime and its accumulation in definite areas and forms. This accumulation in 
the form of minute lime concretions or accretions, a slight cementation of the 
soil particles in places, and the mycelioid development may be termed the 
second stage of the development of a definite zone of lime accumulation. 
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' Third stage 

A#ihird stage in the degree of leaching and lime accumulation is found in an 
area of Brennan gravelly soils, found on a terrace in the western part of the 
county. Gravel and sand strata occur in this phase of the Brennan at a com¬ 
paratively shallow depth, erosion having been somewhat active at this location. 
The soil horizon has not been fully leached, since it is still calcareous. A 
zone of lime accumulation, however, has developed, the carbonates occurring 
in three distinct forms: first, as a coating around the quartzitic gravel and sand 
particles, the coating ranging to fg- inch thick in the case of the gravel; 
second, as a semi-cementing or cementing agency between the sand and gravel, 
giving the material the appearance of concrete, the term by which this ce¬ 
mented material is known; and, third, in a more or less pure indurated state, 
or hard caliche, in layers up to six inches in thickness, but of limited lateral ex¬ 
tent. The stage of induration reached by the accumulated lime in this loca¬ 
tion is enhanced by its shallow occurrence, in which position a greater degree 
of oxidation occurs in a given time, with consequent greater induration. The 
degree of oxidation here is also increased by the open character of the sand and 
gravel as it occurred before the accumulation of the leached carbonates began. 
Under these conditions the degree of accumulation and induration of the 
carbonates originally present in the soil horizons is not characteristic of the 
soils of the county. 

The characteristic third stage in the degree of leaching of the soil carbonates 
and their accumulation occurs in the soils of the Victoria and Hidalgo series. 
Here the soils effervesce with hydrochloric acid from the surface downward, 
but the strength of effervescence increases with depth, indicating a higher 
percentage of lime with depth. Small soft lime accretions or concretions are 
found in the soil mass beginning at from 12 to 18 inches, continuing downward 
to depths of more than 10 feet, and increasing in size and numbers with depth. 
At about 12 inches in depth the soil mass in both series becomes brown in 
color, and with increasing depth the color becomes lighter, passing through 
light brown and yellowish-brown into a buff or pinkish-buff clay loam at 
about three feet. This latter material continues without great change to 
depths of as much as 60 feet according to material taken from wells. Some 
soft white lime accretions or concretions up to an inch or more in diameter are 
encountered at lower depths. The buff or pinkish-buff material represents the 
point of highest carbonate accumulation in soils having reached this stage of 
leaching and accumulation, and is characteristic of this stage of development 
of the zone of soil lime accumulation over large areas in southern and western 
central Texas. Upon exposure to the atmosphere the originally soft white 
lime accretions or concretions mentioned above become hard on the outside, 
and, with sufficient time, all the way through. Likewise, the surface of the 
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buff material becomes slightly hardened and cemented, standing in perpen¬ 
dicular walls for long periods without caving. This hardening on exposure 
represents a gradation toward the fifth or ultimate, and maximum, degree of 
leaching of the soil carbonates and their accumulation in definite strata* 

Fourth stage 

The fourth stage in the degree of leaching of the carbonates from the soil and 
their accumulation in a definite zone is found in those areas covered by the 
greater part of the Brennan, and the Willacy soils. Here the soil above 30 
inches to 3 feet has been entirely leached of carbonates, no effervescence occur¬ 
ring with hydrochloric acid above these depths. At these depths there is 
found a yellowish-brown to buff-brown or pinkish-buff layer, identical with 
that found under the Victoria and Hidalgo soils, which is highly calcareous, 
and contains hard and soft white lime accretions and concretions varying from 
$ to f of an inch in diameter. Also there is found a semi-cementation of the 
material which has filled the smaller old root channels and animal burrows, and 
whitish seams of highly calcareous material in the finer root channels. In 
the case of the Brennan soils this highly calcareous material passes at about 
6 to 8 feet into white caliche, somewhat indurated in the upper few inches and 
ranging from 6 to 12 or more feet in thickness. In the eastern correlative of 
the Brennan soils, the Willacy, this caliche is absent, the buffish calcareous 
material extending to depths of 18 to 40 feet from the surface, when it generally 
passes into a yellow calcareous fine sand. The buff material is said by well- 
diggers to be full of seams of semi-hard, white calcareous concretions or accre¬ 
tions which range up to an inch or more in diameter. It is probable that the 
higher rainfall under which the Willacy soils exist has had considerable in¬ 
fluence on the absence of the caliche layer under this soil, the fine sand occurring 
beneath the buff layer under the Willacy possibly permitting a wider distribu¬ 
tion of the carbonates leached from the soil. 

It is distinctly to be understood, however, that the thick caliche bed found 
under the Brennan and other soils is not regarded as the result of lime leached 
from the soil alone. This great accumulation must have been aided by sub¬ 
terranean waters of high carbonate content. 

Fifth stage 

The fifth, or ultimate stage of development of the lime accumulation zone in 
Hidalgo County is found in the Duval and Nueces soils. In these soils generally 
no effervescence is obtained with hydrochloric acid above the caliche, and in the 
exceptions only an inch or two of yellowish or huffish material which is highly 
calcareous is found above the caliche. This represents the nearest approach 
to the characteristic highly calcareous buff layer mentioned in connection 
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with the second, third, and fourth stages. The caliche is found at depths of 
from 3 to 8 feet under nearly all of the Duval and Nueces soils, being shallower 
aaa rule under the Duval. Especially where it occurs at shallow depths the 
upper few inches of the caliche is quite hard. Eelow the hardened caliche will 
be found a semi-indurated caliche, from 8 to 18 feet thick, in pits, from which it 
had been removed for road building material. The semi-indurated caliche 
crumbles fairly readily to particles measuring from one-half to an inch in 
diameter when newly exposed, but hardens on exposure. Very little change 
is noted in the character of the caliche throughout the depth of its accumu¬ 
lation. 

Where the caliche was penetrated in the northern part of the county there 
was found a blue, very compact, heavy clay shale, highly calcareous, which 
seemed to extend to considerable depths. 

The face of exposures studied from the level of the indurated lime layer to 
the surface of the blue clay shale was about 20 feet thick. Aside from the 
difference in the degree of hardness of the upper part, the upper half or more 
of this caliche layer presented a practically uniform appearance, and the face 
exposed had an irregular structure. Beneath this uniform material there were 
found to be areas of varying extent where there was a columnar structure— 
alternating columns of caliche extending without change, from the solid mass 
above down to the level of the blue clay shale, and columns of material of the 
blue clay shale material extending upward from the shale mass into the mass of 
caliche. These shale clay columns appeared to be somewhat changed from 
the underlying mass due to a slight induration and by an accumulation of the 
whitish lime at the edges of the perpendicular and horizontal cracks which 
appeared to divide these shale columns into clods approximately an inch in 
diameter. In general this columnar structure gave the appearance of stalactites 
of caliche extending from the mass of caliche above into the clay shales beneath, 
and of stalagmites of the clay shale material extending from the basal material 
into the mass of caliche. Isolated masses of the clay shale material were found 
surrounded by caliche, and large masses of caliche were also found entirely 
surrounded by the clay material. 

There is no doubt that the upper part of the caliche mass represents an in¬ 
durated accumulation of soil lime caused by percolation of soil water down¬ 
ward. The columnar structure seems to indicate either a downward percola¬ 
tion of lime-charged waters through cracks in the clay and deposition of the 
accumulated lime on the way down, or the rising of subterranean calcareous 
waters and the accumulation of the material in the columns and the lower part 
of the caliche mass in this manner. 

It will be particularly borne in mind that the five stages of leaching of the 
soil mass of its carbonates and their accumulation in definite zones as described 
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above occur within fluvial soils derived from the same or very similar mateill, 
under similar conditions of rainfall in a north and south zone less than 40 mjifes 
long. The soils are of varying age and elevation, the youngest soils bang 
found at the lowest elevation and the oldest at the highest elevation, respec¬ 
tively. And as has been shown above, the degree of the leaching of the toil 
of its carbonates with the attendant accumulation in a definite horizon Is 
definitely related to the age of the material. 

i 

SUMMARY 

Hidalgo County, Texas, is located in the southernmost part of the state, 
30 miles west of the Gulf of Mexico, and along the Rio Grande. The ninety- 
eighth meridian of west longitude passes through the county. The rainfall 
of the county varies from less than 20 inches in the western part to 22$ in 
the eastern part, giving a semi-humid to semi-arid climate. 

The apex of the delta of the Rio Grande begins in the western part of the 
county, and widens out to more than 25 miles in the eastern part. All of the 
geological deposits of the county are of fluvial origin, those of the true delta 
being alluvial, and most of the remainder lying as a huge alluvial from north¬ 
western highlands. The soils on the overflowed alluvial plain are identical 
with the alluvial deposits, and the remainder have definite characteristics. 
The geological deposits, where unchanged, are calcareous. 

The soils of the county vary from young to mature, depending on the per¬ 
fection of their profile development. The first bottom Rio Grande and 
Harlingen soils are youngest; the Laredo occurring in natural levee or high 
first bottom positions are next; the terrace Victoria and Hidalgo soils with 
moderately well developed but incomplete profiles are next; and the Brennan, 
Willacy, Duval, and Nueces soils have attained the mature profile for this 
section. 

The youngest soils have absolutely no evidence of leaching or greater accum¬ 
ulation of soil lime in any particular horizon within the section. 

The Laredo soils show a fairly uniform reaction with hydrochloric acid 
throughout the section. There are, however, small lime concretions and 
accretions, a slight cementation of soil particles adjacent to old root channels 
and animal burrows, and a white mycelioid development of calcareous salts at 
3 feet below the surface. 

The third stage in degree of leaching and accumulation of soil carbonates 
occurs in the terrace Victoria and Hidalgo soils. These soils effervesce from 
the surface downward, the effervescence increasing with depth. Small soft 
lime accretions or concretions are found in the soil mass below 12 to 18 inches, 
continuing tp more than 10 feet, and increasing in size and numbers with depth. 

The fourth stage is found in the southern part of the area of Brennan and 
Willacy soils. Here the soil above 30 to 36 inches has been entirely leached of 
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carbonates. Below this is found a yellowish-brown to buff-brown or pinkish- 
buff layer, similar to the lower material of the Victoria and Hidalgo soils, 
which is highly calcareous and contains much soft white lime in large and small 
accretions and concretions. Caliche, somewhat indurated in the surface, is 
found at 6 to 8 feet below the Brennan soils but is absent under the Willacy 
soils. 

The ultimate stage of lime development is found in the Duval and Nueces 
soils. No effervescence occurs above the caliche, which is found at depths of 
3 to 8 feet and is quite hard in the surface at the shallower depths. 

These five stages of leaching of the soil mass of its carbonates and their 
accumulation in definite zones occur within fluvial soils derived from the same 
or very similar materials, and occurring under similar conditions of rainfall in 
a north and south zone less than 40 miles in length. The stages are definitely 
linked with the age of material. 
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PLATE I 

Fig. 1. The third stage of development. The section shown is about 15 feet thick. Soil 
lime is present from the surface downward, but a definite accumulation begins at about 3 
feet, in the light brown to buff material. The small lime accretions or concretions are plainly 
evident, showing the beginning of soil lime accumulation in a definite stratum, extending 
from about 4 to 12 feet. 

Fig. 2. Caliche bed over 15 feet thick. Where these beds are found the soil section above 
has been leached of all soil carbonates as a rule. The upper few feet of the caliche has been 
indurated, whereas that below is fairly chalky, and breaks up into aggregates about an inch in 
diameter. 
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A STUDY OF THE COLLOIDAL FRACTION OF CERTAIN SOILS 
HAVING RESTRICTED DRAINAGE 

W. L. POWERS 

Oregon Agricultural Experiment Station 1 

Received for publication August 25, 1926 

The movement of water in soils is due to a combination of many factors, 
among which resistance offered by the amount, composition, and state of 
colloids present is of chief importance. The other factors commonly listed as 
affecting percolation are of relatively less importance, or are corollary to the 
effect of the colloid. 

A modem concept of the soil would be to regard it as including a mineral 
skeleton and a fleshy colloidal covering. If a soil were 99 per cent sand and 
1 per cent colloidal clay, the surface area of this finer fraction would be greatest. 
The colloidal material present is responsible for the shrinking and swelling, 
the physical absorption, the chemical adsorption, and the base exchange. 
Any effective applications used to improve soil conditions will accomplish this 
largely by modifying the state of the colloid present. 

When water is applied to a soil, the physical qualities of the soil may be 
greatly modified. Shrinkage cracks which may affect percolation temporarily 
or locally are soon swelled shut. Solutes are dissolved and an approximate 
equilibrium is soon found between the solid phase and the liquid phase, the 
latter of which is called the soil solution. Removal of solutes like calcium by 
plant absorption is sufficient to result in a heavier soil structure. If sodium 
or other monovalent ions invade the system, as when brought in with irriga¬ 
tion water, some increuft in deflocculation may be expected. Only a dynamic 
equilibrium will be found in the soil under crop and the state of the soil colloid 
will be affected by the kind and concentration of solutes present. There must 
be some drainage to remove from the system the nonessential deflocculating 
ion, such as sodium. With the aging of soil, in time a concentration of colloidal 
material will come about in certain horizons of the soil profile, as best ex¬ 
emplified in mature or aged soil profiles. “Hard pan” layers thus developed 
may require special treatment. For soil moisture study it would seem best to 
sample mature soils according to soil horizons and to'express results in their 
ratio to the hygroscopic coefficient. 

In a study of percolation of water through soils having a high clay content 
and restricted drainage, taken from widely separated sections of Oregon, 

1 Released with the approval of the Director, Oregon Experiment Station. Read before 
American Association of Agriculture Engineers, Lake Tahoe, Cal., June, 1926. 
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attention has been given to percolation, flocculation, titration, and ion migra* 
tion or cataphoresis. The soils used included Dayton silty clay loam soil, a 
heavy alkaline loam from Vale Experiment Field, a colloidal clay from Lower 



Fxg. 1. Maximum Percolation on Dayton and Malheur Soils 

Klamath Lake bed, and a gelatinous muck from Lower Klamath Marsh. 
These soils are described elsewhere (2, 3). s 

1 The work was done in the Soils Laboratory of the Oregon Experiment Station with the 
cooperation of two graduate students. 
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PERCOLATION TRIALS 

Twelve 3-gallon jars of Dayton and twelve of the Vale soil were treated as 
indicated by figure 1, and the maximum rate of percolation was determined. 
The diagram shows, as found by Young (4), 

that all treatments were better than no treatment at all, but that some excelled more than 
others. The greatest increase in rate of percolation came from the treatments of lime and 
manure, sulfur and manure, green manure, alum, and a saturated solution of calcium sulfate. 

The benefit from the treatment was undoubtedly due to a change in the colloi¬ 
dal state of the clay. 


FLOCCULATION 

Flocculation studies were qualitative in nature. The solutions used con¬ 
sisted of aluminum chloride, di- and tri-valent sulfate, ferric phosphate, ferric 
chloride, calcium sulfate, magnesium chloride, lime-water, alum, ammonium 
nitrate, and three acids—sulfuric, nitric, and hydrochloric. Ammonium 
hydroxide was used as a dispersing or stabilizing agent. The nearly pure 
colloid was prepared by churning the soil with several parts of distilled water 
in a 5-liter bottle, and after some days sedimentation, centrifuging the super- 
natent suspension through a super centrifuge. The colloid was collected on a 
Pasteur-Chamberlain filter candle and thoroughly washed. It was then of the 
consistency of axle grease. In the flocculation study, 10-cc. portions of the 
stabilized suspensions of these colloids were used. 

It was found that the rate of flocculation of colloids corresponded very closely 
to the valence of the ion used and the size of the coagulated particles had filled 
out very directly as the valence of the ion used. When monovalent cations 
were used a very finely divided precipitate slowly settled out. Lime-water 
caused flocculation almost as rapidly as alum or other trivalent ions. Floc¬ 
culation by acids and calcium was more rapid when the solution had been 
previously made alkaline with ammonium hydroxide. Both colloids showed a 
close relationship of flocculation to the valency and atomic weight. The 
beneficial effect from the use of sulfur on the physical condition of the soil of 
Vale Experiment Field is believed to be due to oxidation of sulfur to sulfuric 
acid, and the resultant neutralization and increase in calcium dissolved by this 
acid and brought into solution, the calcium probably being the direct floccu¬ 
lating agent rather than the sulfate ion. 

TITRATION STUDIES 

Results of titration studies of colloids from these four soils are shown in 
figure 2, and all show similarity. Differences are attributable to difference in 
composition and concentration of alkali or acid. At the high acidity it 
appears that tri-valent iron and aluminum still remain unreplaced from the 
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colloidal complex. Flocculation may be considered as a neutralization and a 
cation may be expected to accomplish this for a negatively charged colloid. 
Hydrogen ion is nearly as effective as bivalent cations for flocculation. 



MIGRATION STUDIES 

Migration or cataphoresis trials were made for these colloids. At reactions 
from pH 10.0 to pH 2.5 all these colloids were found to migrate in an electric 
field as though having a negative change. It was thought possible that the 
organic colloid from Klamath Marsh may manifest an isoelectric point, but no 
indication of this was found. 
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LYSIMETER STUDIES 

Lysimeter studies have been maintained at the Oregon Experiment Station 
for several years (3). By working with soils of different textures, both with 
and without crop, it has been found that percolation loss is diminished or 
eliminated with increasing very fine texture under moderate irrigation and 
that the crop greatly reduces percolation. At Corvallis, lysimeters filled with 
two heavy soils; namely, Dayton and Willamette silty clay loams, and then 
treated some with lime, others with manure, others with lime and manure, 
and still others untreated, are found by Higby (1) of this department to show 
that “in all cases lime and manure applications singly or in combination 
increased the flow of drainage.” 


FIELD TRIALS 

In alkali land reclamation investigations at Vale, Oregon (2) about one ton 
sulfur or four to five tons of gypsum used with a light application of manure 
have been effective in improving the structure of sodium saturated “black 
alkali” land and have made possible the growing of good crops of rye and sweet 
clover. Alum has been less effective in the field than in laboratory studies. 
Copious irrigation and pasture growth in natural vegetation are giving promis¬ 
ing economic results. 
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BOOK REVIEWS 


Grundziige der praktiscken Bodenkunde. By Dr. Hermann Stremme, Geb- 
rtider Borntraeger, Berlin, 1926. 332 pp., 6 figs., 10 diagr. Price, un¬ 
bound, R. M. 16.50; bound, R. M. 19.00. 

The author of this book, the well known German pedologist, states in the 
preface that most of the textbooks of soil science devote too much attention 
to the soil profile and not enough to the surface of the soil, including soil map¬ 
ping, and that they also lack the practical application of the subject. The 
book under consideration has been written to discuss largely these points, 
based upon the extensive experience of the author in mapping soil at Danzig, 
on the basis of climatic soil types; it embraces also a field study of soils in 
general. Laboratory methods of analysis are not described. 

The author reviews the various soil types, the formation of soils under the 
influence of climate and ground waters, and then discusses in detail the prepa¬ 
ration of soil maps, emphasizing throughout, the application of the results of 
soil mapping to practical agriculture. 

A rather abortive attempt is made to discuss the soil organisms, which are 
soon dismissed by an indication that there is no single soil constituent which 
is not acted upon in one way or another by the soil bacteria and other organ¬ 
isms; the author then proceeds to discuss the ecology of higher plants. An 
equally inadequate attempt is made to discuss the nature of soil “humus,” 
which is referred to merely as a mass of waste products of animal life. Among 
the soil animals, the earthworms are supposed to have been studied most, their 
fdle being of course that of “humus formers”—a theory current fifty to sixty 
j*ears ago. It is also peculiar that a book on practical soil science should not 
consider the biochemical processes in the soil, although the author indicates 
that the distinct difference between soils and rocks is due largely to the pres¬ 
ence of living organisms in the former. 

It is about time that writers of textbooks which are devoted to the subject 
of soil science in general should consider the activities of the lowly organisms, 
whose rdle in soil processes is far reaching. 

A more appropriate title for this book, which is invaluable to people inter¬ 
ested in soil mapping, would be “Characteristics of Soil Mapping and its Ap¬ 
plication to Practical Agriculture. ” 

Selman A. Waksman. 
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Principles of soil microbiology . By Selman A. Waksman, Associate Professor 
of Soil Microbiology, Rutgers University, and Microbiologist of the 
New Jersey Agricultural Experiment Station. Williams and Wilkins 
Company, Baltimore, 1927. xxviii, pp. 897, pi. 19, figs. 82. 

Biologists in general and soil scientists in particular should be happy to 
learn of the publication of this brilliant presentation of the development 
and present status of the knowledge of the occurrence of microorganisms in 
the soil, their activities, and their r61e in soil processes. 

The volume is divided into 32 chapters arranged under three main sections: 
(1) occurrence and differentiation of microorganisms in the soil, (2) isolation, 
identification, and cultivation of soil microorganisms, (3) chemical activities 
of microorganisms. Quite logically the activities of the microorganisms 
receive the most extensive and interesting treatment. Among the subjects 
treated the following may be of particular interest: the soil population— 
distribution, abundance, and methods of study; autotrophic bacteria; bacteria 
concerned in the numerous transformations of nitrogen; decomposition of 
organic materials with particular emphasis upon the influence of nitrogen 
upon the process; energy transformations in microbial metabolism; trans¬ 
formation of inorganic soil constituents; soil as a habitat for microorganisms 
causing plant and animal diseases; and soil inoculation. The volume is 
concluded very originally with a short review of the historical development 
of the subject. The subject material is replete with references to the liter¬ 
ature and welHllustrated by plates, line drawings, and graphs. The text is 
fortunately preceded by a list of some 200 reference books on sciences directly 
or indirectly related to soil microbiology. The reader has ready access to 
the text from indices of both authors and subjects. 

The author has brought together the information on microorganisms and 
soil processes in such a manner that one can hardly fail to become impressed 
with the idea that soil microbiology is a well defined and important science. 
It is arranged not as a compilation but as a complete and well balanced critical 
presentation of the facts and ideas concerning the soil population. Thd 
method of treatment gives one a new insight into the interpretation of micro¬ 
organisms as agents in the chemical processes in the soil environment. 

Few of the profusion of books recently from the press seem destined to 
satisfy such a very evident need of long standing for a concise and readily 
available source of information on the subject. It should be received enthusi¬ 
astically not alone by soil biologists but all soil scientists as well as individuals 
interested in biology from the point of view of the distribution and activities 
of the infinitely small organisms in their relations to soils and plant growth* 
It is hardly a text book for undergraduate students but rather a general 
reference text for teachers and research workers. 

An unprecedented venture of this kind may justly be expected to be imper¬ 
fect, but the author appears to have happily developed the subject material 
with the minimum distortion. The physical makeup is admirable. The 
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